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It  U  now  generally  known  Uiat  within  the  last  fiflmn  years  a 

I.new  branch  of  scieiK-'e  has  c»m«  into  existence.     This  branch,  tictru- 

pying  a  position  between  physics  and  chemistry,  is  known  a»  phy.si- 

oal  chemistry.     The  term,  however,  is  by  no  means  a  ik'w  one. 

|W«  h&ve  had  physical  cheraistxy  since  the  beginning  of  tli«  last 

century.     In  order  to  distinguish   the  new  science  froro  ttic  ol<l, 

from  which  it  differs  in  kind,  it  has  been  termed  the  new  physical 

[clieumtry. 

There  seems  to  be  a  tendency  in  tlie  last  few  years  to  ignore  the 
'  work  of  the  older  phy.tic-al  chcmiiitH,  and  to  repaid  tliat  ]>byaieal 
leheiHtslry  which  is  of  any  vaUie  att  dating  not  earlier  than  IB&S. 
ITo  any  one  who  holds  ihi.t  view,  tliis  work  will  Meem  to  lay  undue 
{stress  npon,  and  d(!Vot«  an  unnecKssary  amount  of  space  to  the 
I'Ohler  work. 

It,  however,  appears  to  the  wriUrr  tlint  iu  order  to  apprwiati!  the 
pgantic  strides  iiiado  l^  the  new  physical  chemistTy,  it  is  not  n<«e»> 
sary  to  reje<*,  or  wven  ign»re  tJie  work  of  snrh  men  as  Kopji,  Bun- 
sen,  Gladstone,  Itvgnault,  and  thr  other  great  founders  of  flicmtial 
and  physical  science.     If  wo  would  study  their  work  more  (?1osely, 

Iwe  would  sc«  that  it  lies  at  the  foundation  of  much  tliat  has  been 
developed  within  the  last  few  years. 
It  baa  been  the  aim  of  the  author  to  deal  with  the  whole  subject 
■of  physical  chemistry  in, an  elementary  manner.  The  rapidly 
incivasing  desire,  on  the  ]>sit.ot  sti'^itl^'of  ABeicistry  and  physics, 
to  know  more  of  physical  eliVrntsftv  is  iLiIiiv'-irtii  •  itself  iu  e^-ery 
direction.  It  is  with  the  ojiji'i't: lif  1ii-E|;lir^  -.U'  ii  sividenta  in  the 
later  stages  of  their  college  *y|k  _Iiii51'iir"fiie  earlier  part  of  their 
universitj'  career  tlint  tlii*  i)-tn9«-K;i»*liri«i:[Jrlii  !r.  ! 

The  qiiCMtion  mi^ht  Ix!  raiscil  llult  if  Wi-'  i  i  .  .mt  to  l>e  an  ele- 
mentary text-book,  why  ia  so  much  pr^upposcd  7  No  one  can  use 
this  book  successfully  without  an  elementary  knowItKtge  of  pliysies, 
of  chemistry,  and  of  mathematic.s.  The  ansncr  is  that  tliis  is  partly 
inherent  in  the  nature  of  the  subject.  Physical  chemistry  involves 
at  least  the  elements  of  physics,  and  of  chcinlstiy  inort^anie  and 
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nrguLic ;  and  tho  stndcDt  must  also  be  familiitr  vitb  the  elemeutary 
calculus  if  he  would  gv  deeply  into  th«  subject,  and  it  would  be  well 
to  add  the  t-lcmputs  of  thi-n;iud)*ii amies  aud  diScMcntial  equations. 
It  is,  hovtcvcT,  true  that  inut^i  lusy  be  learned  about  physical  chem- 
istry without  atiy  kuowledgv  of  the  higher  mathematios ;  but  such 
information  must  always  be  more  or  less  unsatisfactory. 

In  reference  to  the  eoiitoDts  of  that  portion  of  thn  work  which 
deals  with  the  newer  physical  chemistry,  a  few  words  »hould  be 
added  in  this  ooimection.  The  new  physical  chemiiilry  really 
begins  with  the  chapter  on  Rolutionn,  and  this  is  one  of  the  inoAt 
important  chapters.  The  discovery  of  tlit!  ri:liilioiis  belweeii  diliito 
solutions  and  gusos  has  placed  thv  subji^ut  of  solutions  at  th«  very 
foundation  of  the  new  developments  in  physical  chemistry. 

The  subject  of  thermochemistry,  while  important  and  interesting, 
hits  never  acquired  that  prominence  wliiuh,  for  «  ]<mg  time,  it 
seemed  likely  to  attain,  partly  because  the  data  are  often  so  com- 
plex that  it  is  difficult  to  interpret  them  and  discover  their  ineaiuDg. 

l-^lrctrochemistry,  on  the  other  hiind.  is  of  the  very  greatest  im- 
])(jrtaiice.  In  no  chapter  of  physical  chemistry  have  greater  advances 
been  made  iu  ree*nt  time,  and  nowhere  do  wo  find  experimental 
work  of  greater  value. 

The  study  of  chemical  dynaraics  and  statics  has  been  very  much 
to  the  front  ever  since  the  recognition  of  the  importance  of  the  law 
of  mass  action.  It  will  be  observed  that  reaction  velocities,  and 
equilibrium  in  chemical  reactions  have  been  dealt  witli  from  the 
standpoint  of  Uiis  law.  Thi.i  appeals  to  the  author  as  Iteing  the 
most  exact  and  l>y  far  the  siiii|>leflt  luetliod  of  treating  these  proly 
lema.  The  phase  rule,  however,  is  considered  at  sufficient  length, 
,  |Hid  applied,  it  is  hu[>ed,  to  a  suiTicient  number  of  cases  to  make 
elear  ihitt  important  generaliz-ilion. 

An  »tt.empt  hii»  U'M)  J»\iif  \<).\v^Vi0^i:-,si  balanced  work.  The 
danger  of  treating  «n(rjfiJitt,suljji?cw'*V").i'li«_'p  and  of  following  certain 
(lednctions  beyond  the  scnif  of.tlji'  uiBaiuder  of  thu  book  hait  beeu 
felt,  and  an  earnest  euda^pc  bAs'bpiii  Inadc  to  avoid  this  defect. 

In  dealing  with  thp  /)lti?r",a«*M^-a*  with  the  newer  work  the 
author  liat  endeavoreij  M  .■<lllt«ili"  hth-'inforination  from  original 
articles  wherever  it  was  possible,  and  in  most  cases  it  has  bmea 
pnxsihle.  He,  however,  wishes  to  express  his  indebtedness  espe- 
cially to  IjOthar  Meyer's  Div  modenitn  Tlieorlen  der  C^emie,  to  Ost- 
wald':*  gri'at  I^rburhd*ritU'jriiu-iii<n  Clieinie,  to  Nernsl'a  T/ieoretlsche 
CVirwuV,  and  to  Van't  Hoff's  Vnrl'-sinuien  uhi*r  tlieorelUche  tnid  phi/si- 
kaHmJie  Chitmie  for  references  to  the  literature.    These  have  made 
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it  a  much   Bimpler  matter  to  find  just  what  was  desired  at  any 
momeut 

Little  need  be  said  at  this  date  in  rcferon<;e  to  th«  imjiHrtapoo  oE 
th«  irliole  subject  of  physical  chemistij.  It  has  alrr^y  extended 
into  nwirly  every  field  of  chemical  Ecienco,  contributing  largely  to 
tli<>  intfijiretation  of  phenomena  hitherto  not  understood.  It  faaa 
thrown  light  on  so  many  problems  in  chemistry  Uiat  it  has  now 
become  au  int«gral  part  of  ttiat  science.  And  it  is  rc<%>[ni:rvi]  that 
no  ch«mist  to^y,  scientific  or  technical,  can  omit  physical  chem- 
istry without  losing  an  essential  part  of  his  training. 

Physical  chemistry  has  also  thron'n  li(;ht  on  a  number  of  physical 
problems,  especially  in  connection  with  tlie  study  of  primary  cells, 
as  we  shall  see  when  we  study  electroeliemistiy. 

It  liaa  al.to  reached  out  into  hioloj^'y,  and  has  become  essential  to 
the  pliysiol<4{ist  and  pharmaeolo^st.  This  haa  been  shown  by  the 
work  of  T»et>^  TJreser,  and  others.  And  l]iat  physical  chemistry  is 
to  find  it«  way  into  Uie  ^cutoKi<^Al  science's  hiis  become  obvious  from 
the  niirk  of  Vau't  Hoflf  in  the  last  two  or  three  years.  The  wide- 
reacliinff  KiKiiilicatioo  of  the  siil)jecl  would  account  for  its  almost 
aDprecedenled  growth  iu  the  last  docad«  and  it  half  of  the  nine- 
tocnth  century. 

HARRT  C  JONES. 
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The  Law  of  the  Conserratioii  of  Haml  — The  .ituily  of  choinioal 

plit^itoiiieiia,  like  Che  study  of  naiiirat  phenomena  iu  genera!,  Viu  lit 

rst  imrtiy  qualitative.     It  wa.i  early  observed  tlial  when  <ti^rtjiiti 

iibntanoeii  ate  brought  together  thev  rea<!t,  giviiifc  liso  to  nttw  sub- 

nws,  and  it  was  aUo  uoImI  that  tha  substaiicvs  formed  as  the 

iH  of  llie  roaotion  hare  many  propertiex  whieh  arv  very  different 

from  those  uf  the  .iiihstanceH  fmni  whir^h  they  •ai-rv  fornit-d.    Theee 

[ualttative  observiitioiis,  however,  whih'  ab«olutfly  inf-ssary  in  the 

licr  stagrs  of  any  bnim-h  of  aeieoou,  arc  far  from  sufficient.     The 

mere  ^tct  that  from  ctirtain  thin^  other  tiling  are  formpfl  ia  not 

only  om|>in<:iHni,  but  emjHridsin  in  tlie  varlitiat  stage;  since  it  ia 

but  tlie  result  of  thu  olMervation  of  tJio  more  superiiciat  side  of  the 

phenomenon  of  chemivnl  activity,  and  entirety  lacks  any  quantita* 

tire  basis.     Tlw  qiuilitattve  stage  is  followed,  wherever  it  is  powi* 

ble.  by  the  quantitative;  and  so  it  has  been  in  chemistry.    Known 

quantities  of  substances  were  nsed.  and  the  amountH  of  the  sub- 

stani:«8  formed  determined.     AJmost  as  soon  aa  chemists  be^i  to 

voHk  with  known  masses  of  substances,  the  reiaarkahle  fact  was 

overed  that  in  chemical  transform  at  ions  moss  remains  utiattered. 

is  is  remarkable  because  it  is  the  only  pTO|>erty  whieli  reinaios 

lehanged  in  chemical   reaetiou.     ^Hten  two  or   more   substances 

,ct,  nearly  all  of  the  pro])erties  of  the  product*  of  Otc  reaction 

are  different  from  those  of  the  substances  which  enter  into  the 

ion.    This  is  well  ilhmtrat<.*d  by  tJie  reaction  betwe«n  metallic 

iuni  and  chlorine,  resultini^  in  titc  formation  of  sodium  chloride. 

The  salt  formed  has  propertica  very  different  from  either  constituent. 
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Indeed,  all  of  Uiv  most  striking  proportic!)  of  both  coDstitaents  an] 
lost  during  th«  reaction.  Vvt,  iu  th^  ini<Ut  of  all  itiis  i-hange  of] 
praportiw  which  takt-a  place  in  chemical  roactioosj  tiie  one  proiier^/ 
mass,  etands  immntable. 

We  measure  mtuti  by  weight,  and  are  accustom«l  to  say  that  b 
chemical  reactions  weight  remains  unchanged :  the  v,-eit;hl  of  all  tbel 
products  of  the  reaction,  under  the  same  conditions,  is  exactly  equal] 
to  the  weight  of  all  the  substances  which  enter  into  the  reactioa] 
This  ia  true ;  but  since  weight  is  but  a  measure  of  mass,  it  is 
conservation  of  the  mass  and  not  of  the  weight  upon  which  we  should] 
fix  our  attention. 

Thiii  law  of  the  eonservattoD  of  mass  is  sometimes  referred  to  Ml 
the  law  of  the  conservation  of  matter.    The  former  expression  ij| 
greatly  to  lie  preferred  to  the  latter,  since  it  states  just  what  wy 
have  established  by  experinient.    The  tatter  gota  fur  beyond 
facts  and,  as  Ostwald  baa  pointed  out,  is  jiure  theory. 

The  4uestion  as  to  whether  there  is  any  <rlian]{e  in  wei|^lit  ia 
chemical  reaction  has  recently  been  thoruugUty  invciitigated  by 
lAiidolt..'  In  his  work  tlie  must  refined  l>alaii(^e»  which  have  wer 
been  maile  were  employed ;  and  in  every  detail  the  work  in  a  elassio 
for  thoriHi>;lini?»s  and  ai;cura<-y.  While  otirtaln  small  changes  id 
weight  were  nhstuved,  yet  in  no  ca»e  was  the  diiTerencu  eufficii^nt  to 
justify  the  conrUision  tliat  Uiere  is  any  change  in  weight  in  chemical 
n-actit  iti. 

The  Law  of  Cotutant  Proportion.  —  The  second  important  gen<!ral.j 
iaation  which  was  reac^ht-d  throuith  the  quantitative  study  of  chvmic 
pheaomena,  was  that  the  constituents  of  a  chemical  compound 
always  preBOnt  in  a  const-unt  proportion.     If  two  substances  unit 
and  form  a  third,  they  cnU-i-  into  combination  in  a  constant  pro|: 
tion  by  mass.    The  law  m[iy  bo  stated  thus:  — 

Every  ch^mleal  compound  always  contains  Ike  aame  eomlilutnU,  an 
there  U  a  constant  proportion  betioeen  the  masses  of  Ike  fotuti(Hfn 
prexnt. 

The  law  of  constant  proportions  was  called  in  question  in  the  early  I 
yearsof  this  century  by  Berthollet'  He  was  impressed  by  tlie  eflTectj 
on  the  ohemical  reaction  of  the  quantity  of  substance  used,  and  saw] 
in  outline  what  has  since  been  established  as  the  law  of  ma.«s  actiooJ 
He  thought  that  not  only  the  nature  and  magnitude  of  the  reaction] 
were  affected  by  the  ma.ise.>(  of  tlie  tubstanoes  used,  hut  also  the 
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oompositioo  of  the  products  formed.    Two  ttubsUuKes  could  tuiite 
a  great  many  proportious.  uod  the  «onipo«itioa  vf  the  product 
epended  chiefly  od  tha  teladtm  betvava  tlw  unountit  of  thv  sub- 
ces  used. 

Tike  en-or  of  BerthoIIet  was  corrected  by  Pionst,  who  showed  that 
aany  of  the  aubslaiices  which  were  supposed  by  Ik-rtholI«t  to  be 
impounds  were  simply  mixtures,  llie  result  of  the  most  accurate 
nvestigations  is  to  show  that  the  law  of  vonstant  proportions  is  <i 
lodameutal  law  of  chemical  reaction. 
Law  of  Hvltiple  Proportion!.  —  While  it  is  true  that  substances 
ibine  in  oonsiaut  pro)>ortionB,  it  is  also  true  that  two  substances 
'■  combine  in  more  than  one  proportion.  Datton '  examined  the 
npounds;,  methane  and  ethylene,  and  found  that  the  ratio  of 
to  hydrogen  in  the  former  was  as  3  to  1 ;  in  the  latt«^r  as 
6  to  1-  Tlie  l2tt«r  compound  evidently  contains  twice  as  much 
earboii  with  respeirt  to  hydro^u  as  the  former.  Similarly,  there  is 
just  twice  as  much  oarbou  with  reii|it>ct  to  oxygen  in  carbon  monoxide 
aa  in  carbon  dioxide.  A  larfce  number  of  other  compouuiU  were 
nexamiiK'd,  in  which  simjile  ratios  between  Uie  m-isses  of  Uie  con> 
tituents  were  disooventil.  Prcan  tlieae  and  similar  faclit  Dultun 
at  Uio  law  of  miilUpli;  pnigtortioas,  which  may  be  sUtvd 
■s:  — 
ff  two  mbHoHffa  combiiu  in  mon  Uux«  oaf  pr*pm1i'm,  the  mamt» 
'  Ihe  r/w  trhirk  rftwhine  with  a  given  man  of  the  other,  bear  a  stmjrfe 
iiottal  rttotiou  to  one  another. 
The  Law  of  CombiiuDg  Weights.  — There  is  a  third  law  to  which 
masses  of  subEiaiic(>s  which  cunibinc  with  one  another  conform. 
Itia  has  been  termed  the  law  of  combining  weights.  If  we  deler- 
mine  the  weights  of  dtlfeient  substances  which  combine  with  a  given 
^weight  of  s  definite  substance,  these  weights,  or  simple  multiples  of 
a,  represent  the  quantities  of  the  different  substances  which 
ibine  with  one  another.  The  qitautitiess  of  substances  which 
bine  with  one  another  have  l>een  termed  their  oom&fn/iu/  numtera. 
Suhtianee*  vombint  tithrr  in  the  ratio  of  their  conUfiuiitg  numbers, 
'or  in  itimfih  nitiiinnl  m>iUi]>bc»  of  th4M  njipAcn. 

This  law,  likf  tht;  l»ws  of  constant  and  multiple  proportions,  has 
been  subjected  to  the  most  carvful  expttrim^ntal  test,  and  has  bwn 
shown  to  bo  true  to  within  the  limit  of  error  of  some  of  the  moat 
refineflcxporimcntal  work, 

Ori^  of  the  Atomic  Theory.  —  The  discovery  of  empirical  rela- 


>  JITeit  SyXm  of  Chtnkal  Pkaoiophv  (1806). 
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tJoas.  8ucb  lis  thv  thiT«  lavrs  of  t-hfinicitl  combination  jiist  considered, 
is  of  great  imporUuiov,  luid  i»  iihsulntvly  rssfiitial  U>  scinnlifio  jiro)^ 
reas:  but  tbcsc  arc  cliicfly  of  iaUrpsl  as  thrj  I(**d  to  cornrct  tlieorie* 
an<)  wide-ruacbing  genvmlixatioDX.  Daltoci  ruistnl  th<t  qu^tioii,  ^Vliat 
does  tbo  law  of  niiiltiplo  ijrojmrtioris  rnnlly  iimaii?  Wbjr  tlo  such 
ralationg  obtain  ?  His  aiiswm'  is  what  hcut  come  to  bn  known  as  tlifi 
sdeoiific  MODiiv  theory,  in  oontradistiiiction  to  tbv  oldi^r  imagiiiatiTV 
speculations  about  atoms  and  tnotccuk-s.  Tbo  vtfw  Ibat  mutter  is 
composod  of  inciivisiblo  particles  or  atoms,  which  )iavr  definite 
weiglits,  and  tbat  chomicat  action  takes  place  between  thrs*,-  parti- 
cles, was  to  [>3lton  the  only  rational  explanation  of  the  law«  of  mul- 
tiple proportion  and  combining  weights.  If  matter  is  oompos^  of 
such  nltimato  part«  or  atoms,  then  n  constant  numlxT  of  atoms  of 
one  substance  combine  with  one  atom  of  anottier  substance  to  form 
a  de&nite  compound,  and  wo  have  the  law  of  constant  proporUona. 
One  atom  of  one  substance  may  combine  with  one  atom  of  anotlier 
subfltance,  or  a  number  of  atoms  of  one  substaDCe  may  combine  with 
one  of  anotJier:  but  the  number  must  be  a  aiiuple  ntional  whole 
number;  wlienee  the  law  of  multiple  proportions. 

Since  the  atoms  have  definite  welghbi,  and  the  laws  of  constant 
and  niiiUi[iW  proportions  are  true,  tjie  law  of  oombimn^  numbers 
follows  us  a  ncoctsaiy  con.SM{ueiK'e  of  the  atomic  theory.  Auil, 
further,  if  the  sami^  iitiniber  of  atoms  of  the  two  Rnbstances  eomhini>, 
the  eombiniiiK  numbiTs  repre-sent  the  relative  weights  of  the  atnini 
which  ent*r  into  combiimtlon.  This  fiiniialied  a  means  of  detenuin. 
iDg  the  relative  atomic  weights. 


DKTERMINATION  OF  RELATIVE   ATOMIC  WEICIITS 

ConbiDing  Namberi  and  Atomic  Weight*.  —  The  problem  of  d»r 
terminiog  tbe  relative  weights  of  atoms  seems  at  tiTst  sight  a  Twy 
aimple  matter,  from  what  was  stated  above.  It  is  only  neccssoiT' 
determine  the  relative  weights  of  substances  which  combine — tbtt 
oonbiniai;  numbers — in  order  to  find  out  the  relative  weights  of  the 
atoms  of  these  aub^taucea.  This  would  be  true  if  a  given  number  of 
atoms  of  one  substance  always  combined  with  an  equal  numiier  of 
atoms  iif  anotli*T.  Tint  we  know  tlmt  tliii!  is  not  the  case,  since  it 
often  happens  Ihat  two  elementary  substant-cs  couibine  in  seveTal 
prn[K>rtioiis.  To  determine  the  relative  atomic  weights  of  the  ele- 
ments, we  must,  therefore,  know  the  coinbiniiiK  nmnliers  of  the  ele- 
ments, and  aUo  tbe  number  of  atoms  of  tlic  ilillvivut  elemeuts  which 
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ieoinlMno  witfa  on«  another.     We  will  take  up  first  the  method  of 

M«t«nninin}f  ihf  fombhiiiis  nuralwrs  of  r.hc  cIi'mi'iitK. 

F      Chemie&l  Methods  of   determining   Combining  Unmbeis.  —  The 

simplest  iiielhoJ  woulil  be  to  take  some  element  iis  <iiii-  staii<L-inl,  niul 

call  iU  i'imitiuiitii(  iiiiiiitier  ime.     Then  nllun-  nil  of  llie  other  eletiii'iits 

to  comhinv  with  this  <me,  aiitl  dftitniiiiie  the  wri){hL.<4  uf  tht-  ililTereut 

vlctnciits  which  (■omhincd  with  unit  wfi){ht  of  niir  stamlnnl  elein«iit. 

Since  hydrogen  has  the  sraallviit  combining:  number,  it  wwihi  nutii- 

rally  bo  chosen  ns  the  unit    The  problem  thvii  w«ntM  l»  to  deicnnint-, 

say.  the  numbtrr  of  grains  of  the  different  elements  which  vonibino 

with  one  gram  of  liydrogcn,  and  these  ligtircs  wouUl  tY>{>rescnt  Ihv 

combining  weights  of  the  elemonls  iu  lerniB  of  hydrogen  as  unity. 

Sinoe  it  is  true  that  coin[>urn4ive1y  fi-w  of  the  elements  eonibine 

,  direcUy  with  hydrogen,  the  dirot-t  compariBon  with  hydrogen  cunuot 

made  in  many  cases. 

A  large  num1>er  of  the  elements,  however,  combine  directly  with 

oxygen.     We  can  determine  the  ratio  between  the  rambiniug  numbers 

Uiese  elements  and  oxygen,  and  then  the  ratio  between  the  com- 

Itining  number  of  oxygen  and  that  of  hydrogen,  and  thus  calculate 

le   couiliimng   imml>ers   of   the   elements   iu   terras  of   our  unit 

hydrogen. 

We  might  thiut  work  out  a  table  of  the  combining  numbers  of  all 
'  the  elemenU  in  terms  of  hydrtigen  as  unity.    This  part  of  the  prob- 
lem is,  however,  not  a«  »im])le  a.t  winihl  be  indicated  fiimi  llie  aboiv. 
Many  of  iJie  elements  i-ombine  In  mtn-e  than  one  iiropurtiun.     Take 
thi-  fase  uf  hydri'geii  and  carbon.     Tlifi  rombiiiing  iiumlier  of  carbon 
in    tt-rm-t   of  hydrot^n  ns  unity  would  be  3  if  df'U'miined  by  the- 
Aualysis  of  manb  gas.     From  the  luiiilysis  of  ethylenn  we  would 
fcouclude  that  it  was  *i,  while  from  the  analysis  of  acetylene  it  would 
fcppoar  to  \tK  12.     \  Gimilnr  complexity  woiUd  rt'sult  in  the  case  of 
ftarbon  and  oxygen.     If  we  take  oxygen  as  16  in  terms  of  hydrogen 
m,  the  combining  number  of  carbon,  as  determined   from   carbon' 
Monoxide,  would  be  13,  while  as  determined  from  carbon  dioxide  it 
wotild  be  C.     We  would  thus  obtain  different  combining  numbers 
lUor  the  same  element,  depending  upon  which  of  its  compounds  we' 
■elected. 

B  n  is  perfectly  clear  that  neither  the  chemical  analysis  of  the 
Bompouuil,  nor  it^  syntlie.iiit  from  the  elements,  throws  any  light  on 
pthe  |irobli'ui  as  t^i  the  number  of  »t<nns  of  one  st:b«t.titee  combined 
with  one  atom  of  the  other.  Her^clius  attemptivt  to  solve  this  part 
of  the  |>robh-JB  of  atomic  weights  by  means  of  cerMin  dogmatic  rules, 
LJ  which  have  only  this  value,  that  they  brought  out  a  large  amount 
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of  experimeotal  work  which  resulted  in  n«w  find  improTPd  toethods 
ot  analysis,  (^hpiuical  methods  alone  tail  lead  only  to  the  coinbin- 
ing  weights  of  numbers  of  the  elements,  and,  as  already  stated,  in 
niany  cases  moi*  than  one  combining  weight  for  an  eieincut  would 
Iw  oi>laiued-  Other  methods  must  be  employed  iii  order  to  deter- 
mine the  number  of  atoms  of  the  one  element  which  bare  com* 
bttieil  with  one  atom  of  the  other.     To  these  we  will  now  turn. 

MolsciLlar  Weights  determined  from  the  Densities  of  Oasea.  —  Gay 
Lus8»! '  showed  in  1808  that  the  densities  of  gases  are  proiiortioiijii 
tu  their  combining  weights,  or  to  aimple  rational  multiples  of  them. 
If  two  JipL^es  react  chemically,  the  vobimea  which  react  are  either 
equal,  «r  bear  a  Himple  rational  i-elatioii  to  one  another.  And, 
further,  if  llio  jmHluc^t  formed  Ik  a  gas,  its  volnuic  h<»rn  a  simple 
rational  relation  to  tliA  rolume.t  of  the  gases  from  wliloh  it  was 
f(>nni-().  Thtix,  one  volnnic  of  hvdropn.-n  <-oniliinet<  with  on«  volume 
of  chlorine,  and  fonus  two  volnmcs  of  hydrochloric  acid  gas.  One 
Toluine  of  oxygen  combinea  with  two  Tolumea  of  hydrogen,  fonu' 
ing  two  voliumrs  of  water-r^pnr.  One  volume  of  nitrogen  com- 
bines with  three  volumes  ot  hydrogen,  forming  two  voluinos  of 
ammonia. 

J-'rom  the  laws  of  definite  and  multiple  proportions,  the  law  of 
eombining  numbers,  and  the  atomic  theory  which  was  proposed  to 
account  for  these,  we  see  that  every  chemical  reaction  takes  place 
between  a  definite  number  of  atoms,  and  the  number  is  usually 
smalt.  Therefore,  the  discovery  of  Gay  Lussae  leads  to  the  coii- 
eluaiou  that  — 

77ie  number  of  atoma  contamed  m  a  gh'en  votutM  of  an;/  ffds 
mn»(  bfttr  a  aimple  rational  r^alion  to  the  i\umber  of  atoms  eonlaiitrd 
in  an  equal  volume  (a(  the  aame  temperalun  and  prensurt)  of  ant/ 
other  gas. 

We  have  thus  far,  however,  no  means  of  determining  Uie  numeri- 
cal value  of  this  relation,  and,  Uierefore,  cannot  use  tJie  discovt^ry 
of  Gay  Lusaao  alone  to  determine  ri-l.-ilive  atomic  weights. 

Avagidto'a  Hypothesis.  —  .\v<i|^r)T(i'  in  1811,  talking  into  acronnt: 
a]l  of  the  faci.s  known,  a<IvHiiCi-d  tin;  bypothextK  Ibat  — 

/u  Hjual  valumf.ii  <f  ail  ffam»,  at  thf  mtmr  Intiju-raturt  and  prCMurt, 
thtrf  '*  an  fijual  numfier  of  ultimate  /wrM  or  molfcuien. 

Avog:idr<>  extended  )iis  liypolliesis  to  all  gases,  including  even 
tli«  elementary  gases,  and  regnrdod  the  molecules  of  tbcsQ  subs>inccs 


>  mm  A  Areueit.  T..  n.  (IWiS). 
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pa  made  up  nf  atoms  of  the  same  kind,  which  had  united  witli  one 
pnotJier.  This  was  a  neoessary  consequence  of  bis  hypothesis. 
h)ne  volume  of  b^vdrogen  gas  eombines  witii  one  volume  of  chloritie 
[gas,  and  forms  two  volumes  of  hydrochloric  add  gas.  If  there  are 
Kite  same  tiumlier  of  molecules  in  eq\ial  volumes  ot  all  gases,  there 
prould  he  twit;e  as  many  in  the  two  volumes  of  hydrochloric  acid  as 
Hu  the  one  voluiiie  of  hydrogen,  or  the  one  volume  of  chlonue.  Binci' 
raach  mok'ciiltr  of  hydrovhloric  aoiJ  must  conlaiu  at,  Iwi.tt  orr  atom 
Ipf  hydrogt'ii  uiu)  vtiy  atom  of  ctilorinn,  the  molecule  of  hydrogen 
■Mill  of  ctilorino  must  be  made  up  of  nt  lea«t  two  atoms.  Ampere.' 
En  1814,  lulvanw-d  pssi-mtially  tlio  same  bypothi^si.s  as  ha<l  been  pro- 
rposwt  three  years  b".'foro  by  Avogadro.  The-  hypothesis  of  Avogadro 
luu  been  coulirmcd  by  such  an  abundance  of  subsequent  work,  io 
I  many  directions,  that  it  is  now  placed  among  the  well-established 
nws  of  nature.  It  points  out  distinctly  the  difference  between 
^Btoms  and  molecules,  and  rationally  explains  why  different  gases 
ihould  obey  the  same  law  of  volume  and  of  pressure,  and  have  the 
ame  temperature  coefficient  of  expansion.  It  has  been  tested  from 
tlie  physical  and  mathem-itical  standpoints,  and  now  lies  at 
iw  basis  of  much  of  our  knowledgf  of  i;asea. 

ATOgadro's    Hypothesis   and   Molecular   Weights.  —  Given    the 
bypotliesifl  ol  Avdgailro,  the  deli- rmi nation  of  the  relative  molecular 
rvights  of  ga-Hf^  ix  very  jtimjiit*.     If  there  la  an  eijual  numher  ot 
noldcules  coiitaiiieil  in  Mjual  vultimes  of  the  different  gases,  t!i« 
'relative  weights  of  equal  volumes  of  these  gaws  give  at  once  the 
relntivo  weights  of  the  nioh-ciilt^s  containe<(  in  tliem.     It  is  only 
necessary  to  choose  some  Hubstaiicc  tvt  our  stamUrd,  ami  express  the 
nolecidar  weights  of  other  substances  in  terms  of  this  standard. 
We  would  naturally  select  as  the  unit  tliat  substance  which  has 
the  smallest  density,  and  this  is  hydrogen.     Krotn  what  has  been 
saidi  however,  in  reference  to  the  union  of  hydrogen  and  chlorine, 
forming  hydrocblotic  acid,  it  ia  certain  that  the  molecule  of  hydro- 
gen contains  at  least  two  atoms.     We  will,  therefore,  call  the  molec- 
ular weight  of  hydrogen  two.  and  calculate  the  molecular  weights 
of  other  elements  in  terms  of  tliis  standard.    The  densities  of  sub- 
stances are  usually  determined  in  terms  of  air  as  the  unit.     It  is  a 
simple  matter  to  recalculate  the-W  in  terms  of  hydrogen  as  two. 
The  density  of  hydrogen  in  terms  of  air  as  the  \ujit  ia  0.06026.' 
LWe  must  multiply   this  by  28.88    to  obtain   our  new  unit  two 


■  IMtn  do  M.  Ain])6r«  &  Itt  Rcrtliollrt,  Ana.  dt  Chlm.  M,  43. 
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(2  +  0.0©92«  =>  28.88).  Similnrly,  for  otlior  sttbeUnoc-s  whoso  deb> 
Bitii-s  am  kuuwn  with  ri-fv^njiHwi  to  nirj  tlu-jiie  ileiiMtiftx  must 
multiplied  bj'  the  cuusUtiit  IJS.88  to  iTunsfurtn  tlivin  iiiU)  cleosi 
in  terms  of  hytirogen  =  2.  I'livs*  latti;r  ralnes  are  tlte  relattra 
moleculax  weights  of  the  snbHtaoc^s  in  the  form  of  gas,  refcrri'd  to 
the  molecular  weight  of  hydrogen  as  twa  A  few  reaulta  are  givea 
in  the  following  table,  showing  in  columo  I  the  densities  in  terms 
of  air  as  the  unit;  iu  cohiinn  II  the  densities  or  relative  molecular 
weights  in  terms  of  hydrogen  =  2.  The  results  in  column  II  ara 
obtained  by  multiplying  the  results  in  column  I  by  2S.8& 


nydrodrii.O'C.  . 
Oxygen,  (y  C. 
Sltrfiic-ii,  (IT,  , 
Sulphur.  llOtrC.  . 
Chltamc.  200"G  . 
BroinlnMOO°C.  . 
SIprcui-y.  UOO'C. 
lodiia-.WO-C.       . 


0.O0()M 

f>,*7i8 

2.17 

SAi 

fi.34 

6.t)l 

8-72 


XS8^ 


tl 


3 
31.W1 

ffii.nT 

TIXTfi 

100,  «T 
S»l,»3 


The  molecular  weights  of  compounds  cdn  be  determined  in  exactly 
the  same  maimer  from  the  df-nsities  of  their  Ta|>or8.     If  thfsc  have 
been  determined  en  the  loisiB  of  air  as  unity,  we  must  multiply  1>yi 
28.88  to  obUua  the  molecular  w^gbt  referred  to  hydrogen  as  two^ 
The  molecular  weights  of  compounds  thus  obtained  must  b*fir  a 
rational  relation  to  the  combining  weights  of  the  elements  ulatrh 
enter  into  the  compound.     The  molecular  weights  as  obtained  fro: 
Tapor-densitica  can,  therefore,  be   corrected  by   the  most   carefu! 
analytical  or  synthetical  determination  of  the  combining  weigh' 
of  the  elements  which  cnti-r  lulo  thfl  compounds. 

Atomie  Weights  from  Molecular  Weightt.  —  1  f  we  knew  the  uu! 
bcr  of  atoms  eontained  in  the  molecule  of  elements  in  the  gaaeow 
state,  the  problem  of  relative  atomic  weights  would  In-  flolved  at  one* 
by  dividing  the  moWnlar  wciglit  of  the  gas  by  the  number  of  atotns 
in  the  molecule.    The  problem  is,  however,  tM>t  as  simple  tut  tJiit, 
sinec  we  do  not  know  at  onc«  the  nnmlwr  of  atoms  in  tlie  raoh-cul 
of  elements.    Other  tines  of  thought  hare  enabled  us  to  solve  tl 
the  second  part  of  our  problem. 

The  definition  of  an  atom  as  an  individble  particle  of  matter 
shows  that  fractions  of  atoms  cannot  exist    No  molecule  can  con 
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in  a  fraction  o(  amy  atom.    Tbe  quantity  of  any  eubstancr  wbicb 

tcrs  into  a  molecule  must  be  at  It-ast  one  atom.     It  may  l>c  more 

liau  ouc,  but  it  cannot  be  Icjui.     Tliis  is  the  key  to  tbe  probleoi. 

>upp08e  we  wish  to  dcleriiiine  the  number  of  bydrogen  atoms  in  a 

ilooole  of  l)ydrogi.-u.     Wo  must  «xamioe  cumpounds  into  wbicb 

lydrt^en  i^uters,  and  find  out  what  is  the  aiuallest  quantity  of 

lydrogen  which  ent«ra  into  tbe  molecule  of  the  couijiound.     Let 

IS  take  hydrochloric  acid,  whose  molecular  weight  is  .%.<iri.    This 

shown  by  aiialyitii  m  be  comjiaaed  of  1  {tart  of  liydrogen  and  ^'lIS 

of  chlorine    Tliis  1  jwrt  of  bydntgeu  is  at  Iwut  one  atom; 

it  may  be  inori-,  l>nt  it  caiiiiot  W  Icsn.     liy  <'X3tiiiniug  a  larg«  nuui- 

r  of  vompoumU  into  whiirh  hydro^ccn  eiiterw,  it  has  boon  found 

that  hydrogtin  nrvt-r  enters  iiiUt  a  inoIccuU^  of  any  subslancv  in  a 

amalli:!  quantity  tluui  iu  bydrochloriu  ntrid.     This  is,  thi^rofore,  for 

na  the  atom  of  hydrogen,  but  it  mn}'  in  reality  be  vomposcd  of  a 

great  number  of  smaller  parts.     The  hydrogen  whieh  enters  into  the 

uotecule  of  hydrochloric  acid  is  just  half  the  quantity  which  foims 

the  molecule  of  hydrogen  gas,  since  one  volume  of  hydrogen  eom- 

ioiDg  with  oue  volume  of  chlorine  yields  two  volumes  of  hydro- 

hloric  aeid  gas.     The  moleeule  of  hydrogen,  then'fore.  coiitaius  at 

least  two  atomii,  and  since  there  is  no  experimental  reason  for 

assuming  that  it  contains  more  than  two,  we  say  tliat  the  molecule 

of  hydrogen  is  made  up  by  the  union  of  twohydrogenatoms.    Know* 

g  the  number  of  atoms  in  the  molecule,  tlio  atomic  weiffht  follows 

t  ouco  from  the  molecular  weight  determined  by  vapoiMlenM^,  am) 

rrected  hy  the  most  refined  melliods  of  chemical  analysis. 

By  ini-tlnxis  .simttiir  to  the  ■.xhnvt:  thtt  molecules  of  many  clemt-iits 
ve  h.ttn  »hown  Ut  l>e  c<>iti|iiis<;d  of  twi>  atomH.  But  thi.i  by  no 
icans  applies  to  all  vliani-nt^Lry  subst-ancT^  Tho  molecules  of  some 
elementary  sulwtunws  contain  more  than  two  atoms,  and  in  a  veiy 
few  cases  the  molecule  and  nt.om  seem  to  In?  identical.  And,  further, 
V  number  of  atoms  cxmtained  in  the  molecule  has  been  shown  to 
in  some  casee  with  cliange  in  conditions,  especially  witli  change 
of  temperature.  But  by  studying  a  largo  number  of  comjrauDds  of 
an  element,  and  ascertaining  what  is  the  smallest  quantity  of  the 
element  which  ever  enlets  into  a  compound,  we  can  determine  the 
niunler  of  atoms  contained  in  a  molecule  of  the  element  itself. 
Knowing  Ihe  number  of  atoms  in  the  molecule  of  the  element,  and 
the  weight  of  the  molecule,  we  can  determine  relative  atomic 
weights.  The  relations  between  the  molecular  weights  of  a  few  of 
the  elements  and  tlieir  atomic  a'eights  are  given  in  the  f<dlow- 
lug  table:  — 


,  few  I 
Khvi 
^ary 


■K 
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EixiiK!n> 


An-nic  Wueiti* 


JlaucEI.U  Wkiiiiih 


llv-r  .>a 

C...  >ri:;«  . 
Ars.:::--  . 
St'.-.:.:-.::ii. 

Tc'l.-.ri.i:;i 
l-i.-v       . 


1 

3 

14.01 

28.02 

1'>.S8 

31.70 

30.M 

12:1.84 

31.!« 

f   03.08  abo^■e  BOO'C. 
1 181.88  at  500°  C. 

35.18 

70.38 

74.9 

2»9.0 

Teg 

loT.8 

70.34 

158.68 

ni.T 

111.7 

120.3 

252.8 

125.S8 

251.78  under  600"  C. 

IW.8 

100.8 

This  :a:ile  i'ri;itrs  out  a  nunibeT  of  facts  to  which  reference  has 
.I'.TiM.i'i-  in'^:i  iv.:\dt\  The  luoieoular  treight  of  a  cumber  of  tLe 
fU'i-.-.o -.-.:$  :$  twiiv  ;u'  i;real  as  the  atomic  weight  In  some  cases,  as 
w-.;:t  su". :'':'. v.r.  ;'.•.».'  r^i''.iv.ilar  weight  is  twice  the  atomic  weight  at  a 
i:;vi;i  -.fu-.vr.uan'.  a-jil  then  varies  with  the  tempetatnre.  lu  the 
IMS'. s  ,'i  0;i  i;;ii-.r.ii  atui  men-ury  ihe  molemilar  weights  are  apjjareutly 
i.ii-.-.: -.i-.i'.  \v.;;i  ilie  atoarU-  weit:hts.  This  matter  will  be  taken  up 
'lj;i".  •.;i  ,':;nT  i\':'.iitvtiv'iis. 

1:  f  riM-.u-.it'.y  i;;»";>jx'ns  ihat  an  element  boils  at  such  a  high  tempera- 
:v.ri»  ;V.,i:  wt-  .Mi-.'.iot  iloter!iii:ie  atvuraioly  its  rapor^ensi^.  In  such 
.-.ises  v,>l.i:;'.,>  iv;:iivniti,)s  of  theeU'meut  are  useil,  and  their  molecular 
wi>-.;:-.;s  ili'iiTmr.ie.l,  These  iviW[H>unds  are  then  analyzed,  and  the 
.-.■..•  .  'v.M-.v.v.i,;  !h;'  si'.ia'.Iest  iiuaiirity  of  the  given  dement  in  its 
:■.-.  •.,■;'..•  '.s  >;r.,i  to  i',-:i;,i:-.v  oue  atom  of  the  clement.  The  real  atom 
!•:  '.;;,■  .''.o-.-.-.i;!;  uny  Iv  a  fr.wtiou  of  this  yuantily,  but  this  is  for  all 
.■;■.  ■■.■.■..■.»',  or  ■.•l-.\ s;,\>;  .■!i,>:i;:ial  puriyises  the  atom,  and  its  relative 
w>-  :  :;  -.s  ;>.i'  ,i ;.'■.■.•.;.■  «i-;-h:  of  the  c'oment  in  question. 

Atv'mie  Weijrhta  from  Spwific  Heat*.  — Pulong  and  Petit>  in  1819 
^  ■..•».•-■.  ;.;.•,:  .(  \, •■.-!■  s:-.'.;;'!i'  r\''.atio:i  esists  lietween  the  specific  heats 
,<;  ,■,.■■■.;.•:■.:<  ;:;  :'.■,,■  s.>'.^l  su;e aiiil  thoir  atomic  weights.  They  found 
i.;.;;  :  -..•  >v;-,'.;io  V.cs  varii\l  iuversoly  as  the  atomic  weights,  and, 

■,H  :■.•..;  »',.»ta      -- 
shows 


■•"'  l'f\viu»'t  .'f  the  specific  heats  and  atomic 

e'..:v.o'.i!s  U  a  A-ustani.    This  will  be  seen  from  the 


'  .t-n.  ri-«».  r»jt«.  10.  3K  (1819). 
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nu  UivM  nad  Rimiliir  fact*  Duluni;  nod  l'«tit  atinouiioed  their 


7%8  alonu  o/aU  tlemmU  have  Ihe  name  fopacilg/or  heat  enrrtjji. 
Alter  th«  diHcororj  of  this  Iaw  it  was  a  comparative!}'  siioj>l« 
natter  to  di'tcrmino  th«  atomic  weights  of  solid  elements  (rotii  tlivir 
tpecilic  heats,  if  specitic  heat  multiplied  by  atomic  weight  is  a 
ftDt,  the  atomic  weight  ia  equal  to  the  coDstaiit  divided  hy  tJio 
'^speciHc  heat.  Tho  uuinerical  value  uf  tht-  contitanL,  taken  sut  llio 
*  aveTOge  for  a  number  of  eleineots,  ia  about  G.'2i. 
t  Exoeptions  to  the  law  of  I>ul<»ig  ami  Petit  wcrv  early  rcoogniied. 

PT   Wdber'  detenuiuul  the  Bpeclfio  heal*  of  tbn  clemcntH  carbon,  boroD, 
wid  silicon,  at  ti>iupt<raliirM  between  0"  and  lOO"  C,  aod  obtiuned 
mni'li  Ariiallur  valiiM  than  would  bo  expected  from  thu  law  of  Diiloni; 
id  IVtit,  iwing  the  atuiuic  weights  of  tb«M  elements  as  deterraiited 
Avogntlro'a  law.     He  fouud,  however,  that  the  specific  heats  of 
elements  varisd  wideljr  with  change  iu  temperature,  and  that 
avo  a  curtain  temperature  the  speciiic  heata  became  oonstant     At 
etorated  temperatiirea,  where  the  specific  heats  became  con- 
st, they  conformed  to  the  law  of   Duluit);   and  Petit.     These 
astant  specific  heai«  were   <>1>tained   only  at  cumpaiatively  high 
BmpenUures;  for  silicon  at  alwmt  20(1°*'.,  for  the  different  loodiflca* 
jouA  of  cartioH  at  alwut  OW*  C,  for  boron  at  about  flOO"  C.    The 
^irTfrnnt  uodifieatiotis  of  carbon  had  different  specific  heats  at  low 
rm iMrntturf s,  but  at  ckivated  temperatiirea  this  differeDoe  aUo  was 
3iind  to  ranisli,  the  diffurent  rarieties  of  carbon  at  red  heat  ahow- 
ag  the  same   specific  heats.    Similar  observations  were  made  on 
laoiinuD  byl>filtioD  and  Pettersaon.* 


Iteno 


lew 


>  P-9ff.  Jmt.  154.  .107  (1874).     Btr.  d.  ehem.  Omtt.  8.  SOS  (1872). 

>  Ihr.  rf.  ehrm.  a«ftll.  13,  1-161  (li 
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ELtHIHTS 


Sitrognn  . 

Pkosphonw 

Sulphnr   . 

i.'hlortue  . 
Arsvuiu  . 
Sclrnmm. 
Bromine  . 
CidiiiSiiui 

lodini! 


AlDWO  WllUI 


Houxcui  Wninun 


1 

q 

14.01 

28.03 

1&89 

81.78 

30.M 

iS!.W 

81.90 

;   03.1)0  above  800'C 
1191.88*1 400=  C. 

S6.I8 

:0J8 

74.9 

209.9 

78.0 

167.8 

:9.34 

is8.«a 

III.T 

111.7 

126.8 

3S3.S 

i3^.ee 

2S1.78  under  600°  C. 

I0D.8 

1M.(1 

TliU  taltlu  l>rii]ga  out  sl  number  of  facta  to  wbich  reference  haa 
alreaily  been  maile.  The  luolecular  weight  of  ft  number  of  the 
foments  is  lwic«  a-t  jfreat  a^  tlw  atomic  woigUt.  In  boihu  casus,  as 
wiUi  stilphtir,  the  muleciilar  weight  i:;  twictt  tlin  utotnio  weight  at  a 
(tivon  tcmiwrature,  ami  tlieu  viirina  with  thn  ti'iii)N;rHtui\^  In  tlie 
rases  of  cjtdniiuiii  and  inereiiry  thn  molecular  wuight'*  nry.  npi^urcntly 
iilviitical  with  tlic  atomic  wcight.9.  Thia  luatU^  will  bv  takvn  up 
later  in  othvr  connewtiuns. 

It  frequeotly  happens  tliat  an  clomopt  boils  at  such  a  high  tempeiu- 
tate  that  we  cannot  determine  accurately  its  vapor^eoai^.  In  such 
cases  volatile  oompounda  of  the  element  are  used,  and  their  molecular 
veigfatA  determined,  Theae  compounds  are  then  analyzed,  aiid  Uie 
one  containing  the  smallest  quantity  of  the  giveQ  element  in  its 
molecule  is  said  to  contain  one  atom  of  the  element.  The  real  atota 
of  the  element  may  ho  a  fraction  of  lhi»  ipiantity,  but  llii»  is  for  all 
chetuical  or  physical  clic-inical  purpows  the  atom,  and  its  relative 
wei|:;lit  i.s  the  atomic  wi>i;^ht  of  thii  cU-incnt  in  qncstion. 

Atomic  Weights  from  Specific  Heats. —  Pulong  and  Petit' in  181-t 
showed  thftt  a  very  simple  relation  exists  between  the  specific  beats 
of  elements  in  the  solid  state  and  their  atomic  weights.  They  found 
that  the  specific  heats  varied  inversely  as  the  atomic  weights,  and, 
Oonsoquontly,  that  the  product  of  the  speoific  heats  and  atomic 
weights  of  the  elements  is  a  ooustaut.  This  will  be  seen  from  the 
following  data ;  — 


>  A»n.  Ckim.  Phv».  10,  SdS  (1810). 
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nitu 
niQ, 
dttin 
fIuid 
Calcium 
an 

olMll  . 
fickol  . 
Elnc     . 


SracirK  Uui 


O.MI 
0.303 

caoo 

0.1U6 
0.170 
0.1 12 
O.I0T 

0.106 
V.0KS2 


A  nunc  Wkwht     Pmouot 


7.01 
32.09 

S9.03 
3ft.Bl 
ib.90 
£8.00 
C8.60 
64.0 


a.7 

8.0 
iLA 
0.9 
«.» 
«.3 
114 
6.1 


rniin  tlH-se  »Hd  Bimilur  facts  Duloiit;  aii^  l*«tit  unnounced  tbeir 


The  atoms  of  ait  tlenivrd*  kav«  the  minus  capticity/or  heat  energy. 

Afu^r  tho  discovery  of  this  Ixw  it  was  a  cumparatlrely  simple 

iatt«r  to  dct«ntiiiie  tliu  atomic  woiKlits  of  sutid  elumonts  from  iheir 

c  hiTAtH.     If  Kj>i.-ciliu  bttiit  iiiiiltiplipd  by  atomic  weight  i.s  a 

oonstaut,  thu  utointc  weight  in  uijiud  to  the  cvustAitt  divided  by  the 

specific  heaU     The  uuincricid  vuluv  of  tbft  L-onbtant,  taken  as  Die 

ftvfln^  fot  a  number  of  vktui-nU,  is  about  0.35. 

Exceptions  to  the  law  of  l>ulong  and  I'etit  "were  early  reonj^iixed. 
ebor '  determined  the  specific  heata  of  Uie  clemeuts  carluxi,  lH>rou, 
and  ailioou,  at  teraperatitrea  between  0°  and  100'  <^,  and  oljtaiu«d 
uch  araaller  values  than  would  lie  e.t|>ect«l  fitim  ihe  law  of  Diilong 
Petit,  tmiug  the  atomic  wej^lits  of  tlx-se  t^lcmont*  im  dt:U-rmiiivd 
Avin^tro's  law.  He  found,  liowerer,  that  tho  speciGv  hi-uts  of 
.ese  tttfinciits  varied  widely  wiUi  ohaitgo  in  tvmpvraturc,  and  that 
above  a  et^rlaiti  tvinperaturo  thv  specific  hrata  b«nune  eouHtitnt.  .\t 
cU^vatwl  temperatures,  whvro  tho  spwiific  brats  became  eon- 
Uiey  conformed  to  the  law  of  Dulong  and  I'etit.  These 
„..jnt  specific  heata  were  obtained  only  at  comparatively  high 
teniperatuiea;  for  silicon  at  hTkhiI  200'^.,  for  the  diBereut  modifiea- 
lioiw  of  carbon  at  altout  liOO^  C,  for  lK>roii  at  about  500°  <.'.  The 
different  loodiGcations  of  carbon  hud  different  specific  heala  at  low 
teuiiieratun-*,  but  at  ulevatcd  t4;rop<!r»tnre»  this  difference  also  was 
found  to  vanish,  the  iliSerent  varieties  of  carbon  at  red  heat  show- 
ini;  the  same  apecific  heats.  Similar  observations  were  made  on 
ncinuro  by  I^ilsoa  and  I'ettoisson,* 

>  /Vjfi7.  Ann.  IH.  ^67  (iSli).     Ber.  d.  ehtm.  GrttJl.  >,  303  (1873). 
*  Btr.  4.  chrm.  Ottfll.  U,  lUl  (IBSO). 
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Tim  Uw  of  Dulonf;  aiid  Petit  is,  iu  geiicTal,  only  a|i)iiosiitutt«ly 
true,  dim]  tioIiLt  only  within  oertAiii  limits  of  lerapenliiTe. 

TliB  relation  betwt^n  the  ti}>ei;it!c  beat«  of  coiu)iuun(tit  uu<J  the 
spocilic  beats  of  tlioir  (!on.-(liLti«iits  waa  next  Inveittigntei).  Xeuiounn* 
showed  tliiit  cqiiivftU'iit  (]iiantttifJt  i>t  aiial»!t»uft  oumi3Min<ls  liavc  the 
SBm«  ciiini'-ity  for  livut,  unci  lU'icnaiilt,  Ko]i]i,'  uiiO  utlicrs  puttit('«l  i>ut 
the  followiii);  ralittion  hetwecD  tliu  sjiccifio  lirats  of  compuuiiiU  und 
the  specilic  hvntx  of  th<-ir  constitiiMit^.  The  capacity  of  lAe  ntoau 
for  heat  energy  is  nil  njipntciithhj  cAiinjirri  when  they  vnil«  and  form 
compounds.  In  a  word,  the  csput-ity  vf  the  mok-culc  for  heat  is  the 
sum  of  th«  capacitios  of  the  atoms  in  thu  molecule. 

The  reco^ition  of  this  rvtation  makes  it  possible  to  greatly 
extend  the  method  of  detemiioing  atomic  weights  by  spedtie  heat^. 
Many  of  the  elements  are  solids  only  at  tempeiatures  Mrhicb  are  too 
low  to  be  deaJt  with  by  the  methods  of  ineasuring  specific  he^a. 
But  these  elem^its  form  eolid  compouDds  irith  other  elemeuts  n-ha'W 
speoifio  heals  and  atomic  weights  can  be  determined,  hei  us  take 
an  example.* 

Chlorini^  is  an  element  whose  sperific  heat  in  tlie  solid  slutq 
would  be  very  dilBciilt  tu  determine.  (!hloiiiie,  however,  furms  a  solid 
compound  with  Iht-  element  lead.  The  ti[irM?ific  heat  of  lead  clilorido 
ha.1  been  roimd  by  Kepiiault  to  be  O.OGfi  I ;  20GA  parts  of  lead  yioldj 
277.1  [hirt4  of  lead  chloride.  Multiplying  thin  niiiitlier  by  the  »[ 
Pifii-  heat  of  leaii  eliloride,  we  olitain  the  molecular  heat.  277.1  x^ 
O.Ol><>l  =  18.4.  Subtxactiwi?  tlie  atomic  heat  of  lead,  6Ji,  wl-  liave  1  L^J 
as  tJie  atoiiiie  heat,  oorraiiionding  to  70.7  parts  of  chlorine.  Bii 
the  atoiiiie  hent  of  the  elements  la  about  R,  we  have  iu  70.7  twice^ 
the  atomic  n'(-i};hl  of  chlorine,  or  the  aUniiii!  weight  of  chlonue: 
3d.3o.  This  ap-ces  very  closely  with  the  atomic  wrright  of  ihloriDft] 
determineil  by  tlie  rapor-densiiy  method,  based  iipi>D  the  law 
Avogadro. 

The  above  example  sen'es  to  illustrate  the  way  in  whieh  the  sp^t 
ciGc  heats  of  eompounds  aru  used  to  determine  atomic  weights.  ThliJ 
method  has  been  widely  applied,  and  it  may  be  said  in  general,  th^tf 
the  atomic  weights  dctennined  from  the  law  of  Dulong  and  Fetft'l 
agree  with  those  obtained  fi-om  the  law  of  Avogadro,  although  soma] 
discrepancies  exiut, 

lannorphiim  an  Aid  in  determining  Atomic  Weights.  —  It  wasl 


>  Posff.Ann-tt,  1  (1831). 

*Ueb.  Ann.  <I8D4).  Snppl.  3.  C 

•  Meyer ;  JH«  modfrnta  Theoritn  drr  CKrmir,  p.  10(X 
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pmi^Dixed  ereii  iu  Ute  ei^hleeiilh  century  that  sittislnuceo  of  diffeiciit 

com  posit  ion  uften  have  tbt>  ssuui?,  or  very  tiearlv  the  aaine,  crystal  furm. 

This  WHS  at  tiiHt  expliuiietl  by  ii».<tiimiiig  that  rert^iii  t<ubitLiii«-s  hare 

the  |tower  (if  ftiri:.iii!{  otlier  tulMtaiicva  to  tako  their  own  cry»uU  form. 

MitAchttrliuh '  iiiier]iict«il  Ihis  fitct  qiut«  diffttrcntly.     Hu  .studivd 

tiic  salLs  (if  aineiiic  iiml  ]iliu»i>huriu  suifii,  nml  fouiid  that  thcs<!  which 

CODtuinet)  an  ckjuuI  iiiiiiih«r  of  atoms  in  t1i»  niolfeiilc  hud  tlic  same 

or  rwy  icimiLir  i-ryiitiil  foiiiis,     Mit--«rhiTHch  i-onchidi-d  at  lirst  that 

it  was  only  thtt  inunhrr  and  not  the  iiuUiiv  uf  llit^  lUoin  which  cotidi- 

tioiii-d  the  crystnl  form,     filter,  he  rucognizi-d  that  tliv  vrny  in  which 

the  ntoro  was  imifri)  in  the  compound  wiis  nn  imporiuiit  factor  in 

1     determining  its  crystal  form,  und  thvii  arrived  at  the  general ization 

^bhat,  "Am  nquai  numbirr of  aloma  anabined  in  the  tame  nvig  produce 

^BA«  aame  etyatal  form,  and  that  tke  aame  crystal  form  in  independent  of 

^^tft«  ^tfmical  KOlure  of  Ike  atoms,  but  d^^ttd*  only  on  their  number  and 

pogilioH." 

It  this  relation  waa  true,  it  would  throw  much  light  on  the  num. 
ber  of  atoms  in  a  compound,  and  therefor*  be  of  service  in  deter- 
mining atomic  woigliw.     (iiven  two  ieomorphoiia  aiilHtanees  siiioh  as 
llaCl,  2  H,t)  and  BaKr,  2  H,0,  from  the  law  of  Mitscherlich  their 
tuoleoules  tuust  contain  the  same  number  of  atoms.     If  we  know 
the  atAiuic  weights  of  all  of  the  elements  in  the  former  e(iin|ioiitid, 
we  can  find  the  atomic  weight  uf  the  bromine  in  the  lattitr  sub- 
stance. 
^m       Thia  relation  pointed  out  hy  Mittwherlicli  wa.t  aooe]>t«d  :it  oncfl 
Hlty  Itf r7.fltiis,  who  marie  it  the  basis  of  atomii:  wei^lit  di-trnninutions. 
Ttie  L-iw,  however,  did  not  lonK  ivmain  without  exceptions.     Mit- 
•     Ncherlivh '  sliowed  lliat  the  rompounds  liaMii,0«  Na^'iJI,,  juid  Xi^S^O, 
I     are  i«om«q>h<m»,  and  they  evidently  nonlain  m  verj-  ilitfeirnt  number 
of  atoms  ill  the  molecule.     .\n  atli:>mpt  wa.i  in:ul>?  to  over^romc  this 
'     difficulty  by  a'Bcnhing  to  these  compoinuU  the  fununlas,  ItaMnjO), 
I     NaSfO),  and  NaScjOo  but  thest*  were  so  stronjiily  at  variance  with  all 
1     the  factB  known  that  they  had  to  be  abandoned,  and  a  number  of 
I      olher  substances  were  sonn  discovered   to  be   inomorphouH  which 
I     could  not  possibly  be  t«ganled  as  containing  the  aamo  number  of 
08  in  the  molecnles. 

The  generalization  of  Mitscherlich  is  then  only  an  approximation 
1  which  there  are  many  exceptions,  and  this  method  of  determining 
lie  weights  must  be  used  with  great  caution. 

>  Aid.  Cbim.  Fhy*.  [3],  It.  1T3  (1830). 

•  i^■lwr-  Ann-  M.  287  tlS|)i,  ^^^^^^^^^^^ 
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The  inodificatianx  of  the  law  of  Mifaicbcrltch  proposed  by  Marig^ 
nao'  and  Kopp*  biivu  ttcarcoly  incn-»acd  our  eonfidenc^^r  id  it  ft!>  a 
ineaoa  of  dctorniining  ntoTniu  weights.  Tlu-  former  hiut  showu  ttiat 
equaiity  in  the  number  of  utunis  in  compounds  is  not  necessary  in 
0rd«r  that  we  may  have  isomorphism,  and  Kopp  would  limit  the 
term  iwinorpliitim  to  substances  which  will  grow  in  each  other's  so 
Intionti.  The  application  of  the  conception  of  iaoiuorphisja  to  the 
probli^iii  oF  atomic  weights  ItaA,  howevt>r,  been  of  much  service^ 
«»p<H'i;iny  in  the  earlier  stju;*''*  ''f  "iiiih  work. 

Host  Accurate  Uethod  of  determining  Atomic  Weights.  —  The 
general  methuds  ilesfHUid  for  dt-r^rmining  the  rcUuivi-  at':>iiiic 
veights  of  the  elemenls  diffi-r  gnrally  in  their  rel:itiri-"«cfiir:u'y.  Of 
these  the  various  chemical  mi'tho<l»  for  determining  the  con^titucnta 
of  compounds  arc  by  far  tlio  most  atvurate.  Indeed,  tho  other 
methods  dcacritied,  such  as  the  Ta[>or-density  method,  and  the 
taetliods  based  upon  specific  heat  of  solids,  and  uj>on  isomorphism, 
miiat  be  regarded  simply  as  checks  upon  tho  chemical  motliods.  By 
means  of  chemical  analysis  or  synthesis  we  determine  with  the 
greatest  degree  of  accuracy  tho  combining  weights  of  elements,  aiid 
then  make  use  of  the  other  methods  to  decide  whether  we  are  dealing 
with  one  or  more  atoms. 

In  determining  atomic  weights  we  iim»t  choose  some  (^Icjtit-nt  as 
our  standard.  AVe  would  naturally  take  thi-  lightest  clduicnt,  hydro- 
gen, and  oall  it  unity.  This  lias  i>een  done,  and  all  atoniiu  wei|;lits 
refi>rrR<t  to  this  unit.  But  it  is  unfortunately  tnii.r,  as  h:L^  W*m 
stated,  tliat  hydrogen  does  not  combiiio  directly  with  many  I'l  the 
elements  and  furm  ittahtt!  compmiiidit  whi(^)i  can  bo  analyzed. 

Oxygen,  on  the  otlii-r  lianil,  does  cumbino  with  a  large  numbor  at 
tho  elements,  forming  some  of  the  must  stable  conipnirnds  with  which 
wo  arc  acquainted.  It  thtrr^-fore  Bcemod  best  to  compare  t}ii'  .it-'inia 
woighta  of  tho  olcmonta  directly  with  the  atomic  weight  o(  '•^yni-u, 
aud  then  compare  oxygon  with  hydrogen,  with  which  it  forms  tho 
very  stable  compound,  water.  It  should  bo  stated,  howiiver,  tiiat 
this  method  is  by  no  means  free  from  objections,  and  many  prefer 
retaining  hydrogen  as  the  unit.  The  atomic  weight  of  oxygen,  in 
terms  of  hydrogen  as  the  unit,  was  supposed  for  a  long  tluiu 
be  the  whole  number  16.  If  this  was  true,,  it  would  obvioimly  nial 
no  diffei-ence  whether  we  called  hydrogen  1  or  oxygen  IB,  and  tliei 
compare  all  other  atomic  weights  with  these  standards.     It 


I  l.Uh.  Ann.  138,  20  (!8lSl), 

*  Btr.  A.  tAmu  (ir^ell.  U,  004  (18Tfi>. 
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itly  been  shown  beyond  question  Uiat  when  bydrogen  is  1,  oxy* 
gen  is  not  16,  but  considerably  less  (1^88).  We  must,  tlienfore, 
choose  between  these  two  substanct's  as  tlie  basis  of  Uie  system  of 
atouiio  weights.  Tlie  iu;ijiirity  iif  invmtigators  at  present  Bocid 
iitcHiied  U>  select  oxyf^^u  a.-t  the  stiiudanl,  taking  its  aUnnic  wei^^ht  ns 
l<>,und  rtferring  the  atomic  weights  of  nil  the  other  elements  to  thi» 
biutin. 

Tho  most  ditvct  method  of  determining  the  combining  weight  of 
'■.n  clement,  in  terms  of  oxygen  as  our  standard,  would  be  to  deter- 
mine tho  veight  of  tJie  element  which  would  combine  with  a  known 
I  weight  of  oxygen.  The  combining  weight  of  the  element  would 
then  be  calculated  by  tlie  simple  jiroportion, — 


i 


'Wt.  oxygen  :  wt.  element  =  at.  wt.  oxygen  :  eotubiuiiig  wt.  element. 

e  sboald  then  hare  to  determine,  by  some  of  the  methods  already 
refenvd  Ut,  how  many  atoms  of  tho  eluiamt  in  question  cumbined 
^_  with  one  atom  of  oxygen. 

^B  While  it  is  true  that  oxygen  combines  diroctly  with  many  of  th« 
1  elements,  forming  stable  compotinds,  it  is  by  no  means  true  that  it 
^^oims  such  compountis  with  i^l  of  the  elements.  ^Viid  further,  some 
^bf  the  elements  form  compounds  with  oxygen  which  are  gaseous  or 
^liquid  at  ordinary  temperatures,  and  for  these  or  other  reasons  are 
not  adapted  to  atomic  weight  determinations.  In  such  cases  the 
atomic  weight  of  the  element  must  he  compared  with  that  of  some 
element  other  than  oxygen,  which  in  turn  has  been  compared  with 
oxygen.  Thus,  the  atomic  weights  of  the  haJogena  have  Ijetsn 
determined  in  leruiii  of  the  atomic  weight  of  silver,  and  tlie  latter 
itben  doteruiued  in  term«  of  oxygen.  Even  more  complex  cases 
ay  arise,  where  it  in  ntK:i.-«Nary  tu  oonipare  the  atomic  weight 
if  an  element  with  the  niim  uf  Uie  atuuito  welghta  of  two  or 
ore  elements,  each  of  which  lia-t  lieen  determined  in  terms  of 
ygmi. 
It  is  ttvideut  that  the  more  direct  the  comparison  of  the  atomic 
eight  of  the  element  with  that  of  oxygitn,  the  bfttl«ri  sinc!  the 
ciimiihition  of  experimental  errors,  n^sulting  from  indirect  coin- 
nM»is,  is  avoided. 

Some  of  the  most  refined  experimental  work  which  has  ever  been 
le  has  had  to  do  with  the  problem  of  relative  atomic  weights. 
is  obviously  necessary  that  these  constants  should  bo  determined 
th  the  very  greatest  degree  of  accuracy,  since  all  chemical  analysis 
d  much  of  the  moat  refined  work  in  physical  chemistry  and  in 
hysics  depends  upon  them^l^^is  connection  wc  should  ment 
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esi>eci»llf  »iiii>ng  tli«  rarlier  work,  thnt  vf  Sbu*  aiid  Marignnu,* 
Uid  aiaotig  Uiu  inure  rcvent  iuvt!»ligatiuD<  those  of  Morluy*  hihI 
Biehardfl.* 

The  work  gf  Sta«  had  to  do  more  espvcially  with  the  relaUous 
between  silver  and  thi?  h.ilogcnH,  but  iocludod.  also,  a  largo  niimliet 
of  other  clenieiit«,  i^sjxxiully  lilLiiiiti,  sodiuio,  poUssiutu,  siilphur, 
lead,  and  uitrogen.  The  work  of  Stos,  as  a  whole,  has  b«como  « 
model  for  refinement  and  accuracy,  and  is  simply  wonderful  wlten 
we  consider  the  comparatively  crude  apparatus  with  which  it  was 
carried  out, 

Mariguao  liaa  done  an  enormous  amount  of  work  on  the  prublt^iu 
of  atomic  weights.  Hd  has  determined  the  atomic  weiglits  not  oiily 
of  chlorine,  bromine,  and  imiine,  but  of  carbon  and  nitrogen,  i-atiititn, 
barium,  magnesium,  xiaa,  manganese,  nickel,  cobalt,  lead,  biiiniulli, 
and  many  of  the  rarer  elements. 

The  comparatively  recent  work  of  Morley  on  the  ratio  1»h(.wi 
the  atomic  wei^htA  of  oxygen  and  hydrogen  i^  one  of  the  Iiw 
inece;*  of  »eientifie  work  in  modern  tituea.  lie  hn^  eslal>li.she<l  tliir! 
ntio  by  different  methods,  wiUi  nn  imiiHual  coiK'Onhuiou  in  t.bo  I9>! 
suits,  U>  1m3  1 :  15.879. 

The  work  «[  T.  W.  Richards  on  tJiw  atomic  woiglit*  of  a  h 
nnmbt-r  of  tht-  nictalH  should  receive  spi*t;ial  mi.riilion.     lie  hus  ii 
proved  old  iiicthikiM,  dvvised  new  ones,  and  upplivd  them  villi  a  aki 
which  is  nw.    His  determinations  aru  to  be  ranked  nmoitg  the  r< 
b«st  which  have  ever  bwn  made. 

Table  of  Atomic  Weights. — The  most  probable  atomic  weig] 
of  the  flcincnts,  based  upon  the  best  dctormloatiouB,  are  given 
the  following  table.     In  preparing  this  table  the  tables  of  Clarkt 
of  Uichards,  and  of  the  committee  of  the  German  Chemical  Socii 
have  all  been  carefully  considered;  also  the  original  detcrroinatii 
themselves,  wherever  there  were  ai>preciai>le  differences  between 
Values  chosen  by  the  different  authorities.    The  basis  of  this 
is  oxygen  =  Ifi. 

'  I^brmfA.  lifter  dir  (Irftter.  der  ehrmiifhrn  ProporlSonra.  JAiiptif,  1807. 

>  IMk.  Ami.  ae,  iM.  -2X9  (liMdy.  vinn.  CAi'm.  /'/lyjr.  [GJ.  I,  XO,  321  (16Hj 
Journ.  pr-ikt.  Cfitm.  T4,  ai4.  210  (ISM). 

»  Dentilir*  of  O  awl  It,  anil  the  Ratio*  cf  Ihtlr  Atomic  Weightt.     (Sn 
•oniiui  ^ublknUim.) 

•  Amtr.  Chem.  Jmtrti.  19,  I8T;  ZtKhr.  anwg.  ChtnL  CI8M-1D01}. 
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RELATIONS  BETWEEN  ATOMIC   WEI0HT9  AND 
rROPERTIES 

The  H]rpoth«su  of  Pront.  —  It  waa  early  noted  that  if  we  chose 
the  atomic  weight  of  hydrogen  as  cue,  the  atomic  weights  of  a  laJ^e 
number  of  elements  were  either  whole  numbers  or  very  nearly  whole 
ntuubers.  The  slight  differences  from  whole  niimbei's,  which  ven 
found  in  several  cases,  were  attributed  for  the  moat  jiart  to  experi- 
a]  error.  Prout  observed  tliis  relation  between  the  atouiie 
sights,  And  su^ested  in  ISIA  that  the  exi)lauation  of  this  uuiueri- 
"ca!  n*!,'ularity  might  be  found  in  the  assiimption  that  all  the  elfr 
ineiit»  are  simply  condensations  of  hydrogen.  Tlie  Ktoms  of  the 
differeut  elements  aro  composed  of  hydrogen  atoms,  the  nmnltet 
bfting  expressed  by  the  atomic  weight  of  tlie  element.  Thitt  a*- 
gnroption,  wliicb  ba.i  come  to  Ixt  Iciiowii  as  thn  hypotliesis  of  Vrov 
wan  alM>  made  some  three  years  lat«-r  by  Aleinecke.' 

The   hypothesis   of    Trout   was    kindly   received,  «speci;in\-    h 
Tlminson    in    Knglniu),    but   was    strongly    opposed    by   th<- 
Swedish  chenii»t  Ttcrxelius.     The,  latter  had  dcvotcid   much    ti 
and  labor  to  the  determination  of  atomic  yn-ights,  and  at  this 
wa«  the  leading  authority  on  such  matters.     He  objectml  to 
method  of  testing  the  hy|)othcsi8  by  dropping  the  /ructioual 
of  the  atomic  weight  which  had  been  found  experimentally,  and 
course  this  point  was  well  taken.    Gmelin,*  on  the  other  hand, 
well  inclined  toward  Trout's  generalization,  and  I>umas  bocam 
warm  supporter  of  it,  after  he  and  Stas  had  redetermintsi  tin-  ato: 
weight  of  carbon  and  foimd  it  to  be  very  nearly  12,  in  t«Tms 
hydrogen  as  uuity. 

The  element  chlorine  was,  however,  very  troublesome.     The 
determinations  showed  that  its  atomic  weight  was  3ij.5.     This  Ii 
Marignac  in  1)U4  to  pn>|tose  tliat  oiie-balf  the  atomic  weight 
hydrogen  be  taken  as  the  unit    This  was  the  beginning  of 
downfall  of  Front's  hyi«>thenis.     Having  once  liegun  U>  .kiiUUv; 
the   atomic  weight  of   hydrogen  to  obtain  the  fundami-nial   n 
there  was  no  limit  to  tlie  process.    The  next  step  was  taken 
Dumas  in   18.TO,  when  ho  suggested   that  one-fourth   the  at 
weight  of  hydnigen  iw  taken  as  the  unit,  so  as  to  avoid  fraetii 
in  the  more  accurately  determined  atomic  weights. 

Stas,  in  1860,  undertook  to  settle  the  question  as  to  the  corre 


'  Schtreifffrr^s  Jovraal,  SI.  138. 
*  Bandbuch  d.  fAeorcI.  Chemlt. 
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I  of  Prout'a  originnl  bypotlieRlH.  >te  bvgno  thM  Mries  of  ntointc 
wotgbt  detoniiiiiaiiooi  to  whivh  refi}<r<>nce  bas  »lr«iiily  been  made, 
anil  wliinli  fur  exMwlod  in  lUxuroKy  iinything  done  up  to  that  time. 
I'liP  Tvsult  is  Well  kikown.  Tlio  atomic  weights  uf  a  niiitil>«r  of  the 
olutnonts  did  not  proTo  to  bo  wholu  numbers,  and  tiiv  difft'lvikces 
fmm  whole  nambers  wtiro  far  greater  thui  could  reasonably  bo 
accounted  for  on  tlie  basis  of  expcrimputal  error.  8tas  waa  thus 
led  to  abandon  the  hrpothesis,  as  it  was  not  sup[iort«d  by  the  faels. 
Att^tition  was  again  turned  to  Front's  hypothesis,  in  1880,  by 
itnllet.'  The  teanlt  of  his  investigation  on  the  atomic  weight  of 
alunuTiiitin  was  to  add  another  element  to  the  list  of  those  wbieh 
eonrunii  to  Ihe  hypothesis.  He  took  the  view  tliat  the  deviations 
of  the  liewt-knowu  atomic  weights  from  whole  ntmittera  may  be  ilue 
iconMjint  errors  in  the  determination  r,  and  pointed  out  that  t«n 
nt  of  I'lKhteen  of  the  best-knowu  atomic  weights  differed  from 
whole  iiiiTnlM-rs  by  less  than  one-teiilh  of  a  nniL 

While  th<?r«  is  then  some  difference  in  opinion,  even  at  present/ 
rofrrvncv  to  the  real  merit  of  the  by))othesis  of  Pruut,  tliera  in  a 
tmg  tendvnoy  to  r^rject  it  %.t  thu  ntttmale  expre-uion  of  the  truth. 
That  It  in  an  <:ffurt  in  tlie  ri^ht  directiun  is  ci-Hain,  anil,  indeed,  this 
will  bo  seen  when  we  ooroo  to  consider,  later  in  Uiis  Kcctioo,  the 
rarent  theory  of  one  of  the  leading  physicists  of  to^ay. 
The  Triads  of  DobereiDer.  —  On  examining  the  atomic  weights 
of  correlated  elements,  Pobereiner'  observed  the  striking  relation, 
tliat  tJie  atomic  weight  of  the  niid<lIo  member  of  a  group  of  three 
sndi  elements  was  almost  exactly  the  mean  between  the  atomic 
weights  of  the  first  and  last  members.  This  will  be  seen  from  the 
'  following  examples :  — 


» i 
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The  Blomtc  weight  of  strontium  is  close  to  the  mean  of  calcium 
,4nd  )«rlum  (88.7);  that  of  bromine  is  not  widely  different  from  tbo 

>  Amrr,  CK«Ki.  Juwrn.  8.  AG  (1861). 

•  Straus  mi.  Hi-j.  [fl],  1.311  (1901). 

Amn.  U.a01  (Utitt 
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meuD  of  fltlririne  and  iodino  (81.1);  while  the  atomic  weight  «( 
selenium  is  xcry  rloM^  U>  th«  m«an  of  stil)>tiur  ami  Ullunum  (79.8). 
Tbc«c  cont^lubvd  );roti[>a  uf  threii  eleuieolH  euine  to  be  kaowu  u 
triade,  and  from  tticir  disvorerer  as  IMbviviner  triads. 

The  Work  of  Canniztaro  and  of  De  Chanooortoia.  —  It  wasi 
im possible  tliat  uny  1:0111  {iri-lii-n.sivi*  gi-uitriili^itiitu  niiouM  lie  i-eachedl 
OQiinficting  ntoniiu  wrights  with  aiiy  pi-ciperty,  uutil  Ronie  uiiiforail 
ajgtfiii  of  atomic  u-rights  hud  bocii  a<loi>l«d.  ('oufusion  wa«  reduoedj 
to  order  in  this  line  by  Canniz»iix>.  H«  <;oii.iidi!red  Avogadro'a  la*| 
as  the  basis  of  atomic  woight  detvmii nations,  ud<I  gave  us  the  con-l 
oeption  of  atom  which  still  prevails,  Witb  these  coinpuntble  atomtcl 
weights  chemists  could  novt  dca),  and  relations  bctvrvcn  thoNc  n-vightf  J 
and  propertiM  of  the  elements,  which  have  proved  to  he  of  tbt] 
grea.teat  service  in  the  development  of  inorganic  chemistry,  wt 
aoon  pointed  out  It  is  thought  by  some  that  Dc  Cbanootirtois 
the  Brat  to  caH  attention  to  relations  which  can  fairly  be  regarddl 
as  the  logical  precursors  of  the  periodic  law.  He  suggesH.-d '  tbtf 
the  atomic  weights  he  arranged  in  a  particular  way  in  tbc  fona  <rfil 
screw,  and  showed  that  relatiou8  existed  l>etweeQ  the  positions  it| 
the  elemcntH  and  their  properlt«!i.  In  au  olxwnre  way  he  seema 
Itave  hinted  at  the  fundamental  idea  underlying  the  later  discovaji 
that  Um  prai>erties  depend  uj>ou  the  atomic  iveightx,  but  certaialf 
this  was  neither  clearly  croncelved  nor  tttrm^ly  t^xprt-sM-d. 

The  Octaves  of  Newlandi. — The  (jnestion  of  n-lntions 
the  Ht'.iniic  weixiit.s  km  taken  up  by  Ni'wlainl.-!  shortly  after 
work  of  De  Cliancotirtois.     In  his  earlier  papers*  he  puintod  (imj 
connections  tjctwifi-n  atomic  weights  and  chemical  properties,  biil 
vras  not  nntil  I8(U  that  ho  announced  any  important  disc-overy.     Is  I 
a  brief  note  to  the  Chfinirxd  ymvg,'  "  On  Relations  among  the  t^qtiivkl 
lents,'"  he  arranged  the  elements  in  the  order  of  tlieir  equivaleut 
and  stated  that  "  it  will  be  observed  Uiat  elements  having  vxnn 
tjve  numbers  frequently  either  belong  to  the  danie  yroup  or  <ic 
similar  positiona  in  different  groups.  .  .  .     The  difference  1>etii 
the  number  of  the  lowest  member  of  a  group  and  that  immcdii 
above  it  is  7;  in  other  words,  the  eighth  rU-mcnt  starting;  frm 
given  one  is  a  kind  of  n-petitioa  of  th^  first,  like  the  eighth  nut 
an  octave  in  music"    In  the  following  year  Newlan<ls  annnui 
his  "  Law  of  Octaves  "  in  a  very  brief  note :  •  "If  the  elements  ] 


>  Vi$  Ttthirt^ue,  CT/memtnt  aaturtl  det  Orrpt  Simplt*.  etc    Paris,  IG 

•  CA™.  .V<w».  T.  to  (1603);  10,  11,  89  (ISM). 

■  lUd.  10.  91  (1861).  *  lb!4. 11,  S3  (IdOU). 


ATOMS  AND  MOLECULES 


21 


arranged  in  the  order  of  theii  equivalents  with  a  few  sliglit  tnuiit- 
podtions,  it  will  bo  obeerred  that  cleineats  IwloDgiog  to  th«  same 
group  nsually  appear  on  the  same  horizontal  line.  It  will  be  seen 
that  the  merabeia  of  analogous  eteiueots  generally  differ  either  by 
7,  or  by  some  multiple  of  7.  In  other  words,  members  of  the 
flame  group  stand  to  eat-h  other  in  the  same  relation  as  the  extiemi- 
ties  of  one  or  more  octaves  iu  music.'"  Tlie  table  given  by  New- 
luida  brings  out  the  relation  to  which  be  refers.  It  is  of  such 
faiHtoricat  interest  that  it  should  be  given  in  this  connection. 

Nkwlands'  Table 


^ 


n    1 

F       B 

CI     l» 

CoftKISS 

Br             S» 

Pi!   3Sjl 

43iPiftIr 

n 

Li    a 

Xa     0 

K     14 

Cu--^ 

-■ » 

Rb           30 

Ag  37|Cb 

41 

TI 

ta 

u    a 

Mg  to'C*    lT|Zn 

S5  St            »1 

Cd   S8  DnAJ 

*46 

rb 

M 

Bo    4 

Al    tlX'r    10, T 

Zl,Ce&La  33 

V     -iO  Ta 

4U 

Th 

H 

C     5 

Si     12  Ti     IB 

til 

aojZr            32 

8ii   Si'   \V 

47 

hb 

as 

N     8 

r     13  Mn  -iO 

A> 

2: 

Di  li  Mo  SI 

Sb    41    Xb 

49 

»i 

M 

K      H  I'u    31  |8« 

8H 

KoAKu  36 

T«    4S 

Au 

49 

Dii 

M 

A  comparison  of  this  table  with  the  ppriodic  K>iit(!m  proper  will 
show  thai  it  contains  more  than  the  g^rtn  of  tliis  inijiorlunt  >:<>neral- 
iuition. 

The  P«riodie  System  of  MendelMt  and  Lothar  Heyer.  —  TIte 

iodii;  syslvin  of  the  elcmenis.  as  we  now  liure  it,  vna  nmtoubtvdly 

ert-d  iiiile]>endently,  and  very  nearly  Hiiii(thaiicuu<ily,  liy  th» 

lian,  Meiidelt-fff,  and  the  (iernian,  l«lhar  Meyer,     The  Utter 

blislicd  in  18fi4*  a  table  containing  most  of  tlie  then  known  ele- 

arraiiKvil   in    the  order   of  their  atomic   weights.      In   this 

emcnt  drnu'iits  whioh  are  closely  allied    in  their  chemical 

pruperries  appear  in  Ihfi  Hamn  colujnna,  but  the  system  ia  so  incom- 

plet«  tlut  it  ia  Bcarwly  an  a*lv«nee  on  that  of  Newlands. 

The  drst  to  point  out  thu  mnstiiniwrtaiit  features  in  Ihe  anange- 
luenb  of  the  elementa  noi'oritinic  to  tlieir  atomic  weights  was 
undoubte^lly  MendclAiff.  In  18fl9'  be  arranKed  the  elemcnla  in  a 
"^  table  in  the  order  of  th«ir  atomic  weiRhls,  and  .ihowed  clearly  that 
I^Uiere  is  a  periodic  rwurronee  of  itropprtifft  as  tlie  atomic  weights 
^Bncrease.    This  will  be  sovn  best  in  the  following  table :  * — 

^^m  ■  Dit  norirrarn  nrorUn  drr  Chcmle. 

^H  *  Joun.  Rant.  Chrm.  So'.  ttO  <  1M)D). 

^F  •  ift*.  Am.  Syptd.  a,  133  (1814). 
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Mendel&eff's  Original  Table 


5 

Ohoitp  1 

OlODP  II 

ObocpIII 

Glaur  IV 

Oioor  V 

Qbugf  VI 

GluL'P  VII 

GuDP  vm 



_^ 

_^ 

KH, 

KH, 

Kll, 

KH 



v. 

B^ 

BO 

R,0, 

HU, 

K,0, 

KU, 

R,l>, 

BO, 

I 

H=l 

2 

l.i=7 

Be^9.4 

B=ll 

C-12 

N=14 

0=lfi 

F=li) 

■A 

Na-:29 

Mg=M 

AI-3T.3 

Si  =38 

P-31 

s-3a 

CI=3Ji 

4K=31> 

Ca=10 

—  =14 

Ti'^lS 

V-61 

Cr=6S 

Mn^AS 

Fi-=.Xi,  Co- 

il:'. Nl  -=jm 

Cu=)i3 

S 

(Cu=63) 

Zn=6S 

—  =68 

— -72 

Ai-TS 

Be=78 

Br=HO 

6 

Bb=85 

8r=87 

Y-88 

Zt=90 

Nb-Sl 

Mo^QS 

^100    Ru=I01,  Bl 

=  1(M.  Pd- 

lOU,  AK=>ia 

T 

(Ag-108) 

Cd^ll2 

lD  =  tl3 

Sa-118 

8b^l22 

Te>=12B 

1=137 

8 
9 

10 

Cs=133 

(-) 

B»=137 

D1=13S 

Ce=<14(l 

— 

— 

— 

—               - 

^ 

Er=iT8 

L»=I80 

T«=182 

W-lftl 



Oi  "  193,  k 

=  1OT.    P(. 

I9a,Aa-ia 

11 

(An=I«i) 

Hg=20O 

Tl'-SCM 

Pb-.20T 

Bi='JOe 

— '              — 

— 

12- 

_                _ 

Th=231 

— 

U=2*)      -              [- 

This  table  coutaiiis  all  the  elements  knonvn  at  that  time,  and  the  bUuA 
spaces  indicate  that  the  elements  which  would  naturally  fall  into 
these  places  were  unknown.  The  general  plan  of  the  Mendel^eff  talib 
is  simple.  All  the  elements  are  arranged  in  succession  io  the  order 
of  their  increasing  atomic  weights.  If  we  start  with  the  element  -wift 
the  smallest  atomic  weighHiext  to  hydrogen,  i.e.  lithiiun,  and  arranga 
the  succeeding  elements  in  the  order  of  their  atomic  weights  up  to 
fluorine,  we  find  that  the  next  element,  sodium,  has  properties. quid 
similar  to  those  of  lithium.  If  we  place  sodium  in  the  same  verticd 
column  with  lithium,  and  then  arrange  the  next  elements  in  tlM 
order  of  their  atomic  weights,  we  find  that  m^uesium  falls  in  tljl 
same  column  with  beryllium,  aluminium  with  boron,  silicon  will 
carbon,  phosphorus  with  nitrogen,  sulphur  with  oxygen,  and  chloric 
with  fluorine.  This  is,  of  course,  a  i-emavkable  relation,  since  It 
every  case  those  elements  which  fall  in  the  same  vertical  colu' 
resemble  each  other  very  closely.  The  first  seven  elements,  stai'tii 
(not  with  hydrogen,  since  it  does  not  fit  into  this  scheme)  w 
lithium,  and 'ending  with  fluorine,  agree  very  closely  in  properl 
with  the  second  set  of  seven  elements  arranged  as  in  the  above  tat 
We  come  now  to  the  first  member  of  the  next  series  of  seven  « 
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■nenta,  —  potassium;  it  falls  right  into  tlie  group  with  iithiiuu  and 
bodiiun,  calcium  with  hei-ylliuui  and  roagaeaium,  titaoiuiu  with 
carbon  uid  silicon,  ranadium  with  nitrogen  and  ))hoi3))horus,  chro- 
mium with  oxygen  and  sulphur,  and  manganese  with  fluorine  and 
chlorine.  Here  again  striking  analogies  appear  Lwtweeu  tbe  differaut 
piomboTS  ill  the  same  groups.  The  blank  ajiace  between  LMiloium 
iiiiil  tit.Liiiimi  cotitaiued  no  kuowu  eleintait  when  tliia  tabic  was 
pTcpurcd.  The  element  has  since  Iieen  discovered,  and  has  pciutiar 
intcn-st  in  connection  with  tliis  whole  Kystvm ;  to  tltis  reference  will 
again  bo  made  Aftvr  ue  leave  nianganCMO  we  vucouuter  onv  of  tho 
weakest  points  of  Uio  Periodic  I^iw.  Thv  next  elements  in  order 
of  atomic  weights  are  iron,  cobalt,  and  nickc)  ^  but  it  is  obTions  that 
n«ith«r  of  these  can  be  placed  in  tlio  same  group  with  the  alkali 
Dietals.  Thvy  must  thcrcfure  be  set  aside  and  left  out  of  the  system. 
Then  we  came  to  copper,  which  is  very  questionably  placed  with  the 
members  of  group  1.  Then  irtegularitias  appear  again.  At  tbe  end 
of  the  sixth  series  we  find  three  or  four  more  elements  which  do  not 
lit  into  the  scheme,  but  after  leaviiig  these,  regularities  again  begin 
Llo  manifest  themselTes. 

A  wore  detailed  account  of  the  relations  between  properties  and 
Ltlomtc  weights  will  be  taken  up  a  little  later.  Tlie  above  suffices  to 
I  sli'tw  th<!  general  I'-lntion,  ami  «l»o  tin?  jHa-iodio  r«ourrenu«  of  propei'- 
Ltita  with  incmuc  in  the  atomic  weights. 

Xht  same  general  relations  us  those  ]>omted  out  by  MendoliJeS 

rore  undoubtedly  discovered  independently  by  Lothar  Meyer,'  and 

published  the  following  year  (1H7U).     His  table  is  almost  exactly 

ttte  same  as  tliat  of  Mendeli^efF,  aiid  he  recoguiKcd  clearly  the  periodic 

recunenc*  of  proi>crties.     To  quote  liis  own  words,'  "  We  see  from 

the  table  that  the  properties  of  the  elements  are,  for  tbo  most  part, 

eriodie  functions  of  the  atomic  weights." 

Hcyer  has  since  changed  tho  form  of  this  table,  arranging  it  as  a 

spiraL     "If  we  regard  this  table  aa  wrapped  around  an  upright 

cylinder  so  that  the  right  and  left  aides  touch;  therefore,  nickel  next 

I  copper,  paliadiuiu  to  nilv^r,  and  platinum  to  gold,  we  obtain,  as  is 

ssily  seen,  a  continuous  series  of  all  the  elements  in  the  onler  of 

lieir  atomic  weights,  arranged  in  the  form  of  a  spiral.     The  elements 

which,  in  this  airangement,  fall  into  the  sanie  vertical  column,  form 

'  ^    a  natural  family,  tbe  raenibers  of  which,  however,  bear  a  very  unequal 

^be.<M!roblance  to  one  another."    Thiii  spiral  arrangement  of  tlie  ele- 

^^■lents  is  shown  in  the  following  table :  — 


»Littf.  Ann.  S\ 


*/Ml,p.35& 


Tbia  table  briags  out  more  clearly  than  that  of  ifentlAliSeS 
idea  of  a  continuous  arnint^iiicnt  of  all  the  elements  iu  the  orda 
their  atotiiio  wetKhtx.  And  it  iu  cqtwlljr  successful  in  showing 
pei-iodii.'  nature  of  liw.  ]>roj)f^rtii-M  of  thr  e1«;in^nt».  The  hhuik  Bp 
are  for  unknowu  i>le;iii:-i)t,s.  Meyer  calnulutvtl  thn  pmliable  ato 
weights  of  thefte  elements,  but  thuse  va]u«8  beLog  for  Uie  most 
UDveriiied,  are  »initt<Hl. 

Chemical  Propeities  and  Atomic  Weights.    Combining  Povi 

If  we  start  with  lithium  in  Mt-niiel«<eir!«  talile  and  proeecd  to 
xSght  along  the  second  sori^s,  tltiti  ntrikin);  fat-1  h  ubserred: 
vlflments  increase  io  their  power  to  oombinK  with  oxy^reu  i«f;ra]i 
from  left  to  right.    Take  first  the  power  uf  tlie  elements  to  com 
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■with  oxygeD.     Lithium  forms  the  coiupouDd  Li,0,  berylliimi  Bi.-0, 

uIuiniDium  Al/)j,  carbon  COj,  nitrogen  N,Oj;  <ixygen  aiid  fluorine 

iiiay  be  disregaixled  for  the  luoineut.     Take  the  ihirJ  series.     Sixliiim 

forma  the  coinpound  Xa/).  magnesium  Mg(>.  aliuniuiiim  AI/)„  nilU-on 

ISiOs  phosphorus  I'nO^  sulphur  BO^and  clUorine  Cl.Oi.    TBe  fourth 

I  Slid  fifth  series  show  the  .iani«  regularities,  and  similar  relations  are 

foliHi^rved  tliroughout  the  tahle.     Tlut  be»t  cxnniplvi  of  an  clemvut 

octavaJvnt  toward  (>xy(j:t>ii  ih  osmium,  which  forms  the  compo\iud 

iO»0..     We  h»ve,  Ui«n,  Na^>,  JIgO,  Al/>j,  8iO»  F/),  SO*  CI/>„ 

W«  may  say  in  general  that  the  power  of  the  elements  to  conibins 
'^with  oxygen  ia  smallest  in  group  I,  and  increases  regularly  by  unity 
in  each  succeeding  group;  reaching  a  niaxtmum  in  group  Vlil,  where, 
it  least  in  the  ca,»e  of  osmium,  it  is  eight. 

Results  of  a  similar  character  are  obtained  if  we  study  the  power 

lof  the  elements  to  combine  witli  chlorine.    Sodium  combines  with  one 

jthlorine  atom,  magnesium  nith  two,  aluminium  with  three,  silicon 

|«  ith  four,  phosphorus  with  five.     Snljilmr  does  not  combine  directly 

with  six  chlorine  atoms,  but  rombini^  witli  both  oxygen  and  chlo- 

|rine,  forming  the  cnmpnuni)  $0,CL,  in   which  the  sulphur  has  a 

ralence  of  four  ttiwards  the  oxygen,  and  «f  two  toward.-*  the  chlorine, 

or  iif  six  in  all.     Hut  there  is  n  meinbi*r  of  group  VT  which  combines 

j^dirccUy  with  six  dilorinc  atoms.     This  is  tunRMen,  in  the  tenth 

ii^ries.    \V«  would  cxpri'ss  tlic  combining  power  of  the  elements 

cMorin«  as  follows:  — 


l>e 


SaCl,    MgCln    A1CI„    SiCl„ 


(VVCI.) 


Exactly  the  same  regularity  which  was  observed  in  the  case  of 
ixygen  exists  here.  The  elements  in  group  I  have  the  smallest  power 
)f  oomluiiDg  with  chlorine,  and  this  increases  by  unity  from  group 
group  as  we  pass  from  left  to  right ;  reaching  a  maximum  of  six 
ill  the  sixth  group.  We  know  of  no  element  which  has  the  power 
if  combining  directly  with  more  than  six  atoms  of  chlorine. 

When  we  examine  tlie  powrr  uf  the  elements  to  comlune  with 

lydrogen,  a  rc(;ii!arily  i''  observed,  but  of  a  different  kind  from  those 

^Insuly  considered.    The  clanents  in  groups  1, 11,  and  III  in  general 

|o  tujt  combine  directly  with  hydrogen  to  fonn  stable  compounds. 

[though  hydrides  of  some  of  these  elements  are  known.    When  we 

>m4j  lo  gronp  IV.  we  lind  in  carbon  a  remarltahle  p()wer  to  combine 

liydrcigea.    The  highest  valenc*  of  the  elements  toward  hydro- 

tifuted  io  this  group,  where  one  atom  of  tlie  element  com- 
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bines  directly  with  four  fttoms  of  hydrogen.  Ab  we  pasa  to  Uu 
right  tbo  powct  of  tliv  cli^moiit*  to  combine  with  hydrogen  <lecrea««ti, 
an<l  docreawM  raipilarly.  Xitn>Ken  coiubtneit  with  three  atoiuH  tA 
hydtogeo,  oxygvn  with  two,  and  fluorine  with  on«.  Starting  with 
group  IV,  wo  bars:  — 

CH„     XH«    0H„    FH. 

Ttif?  valencfl  toward  hydrogen  manifests  itself  to  a  maxitnnn 
itr-gn'*!  ill  group  IV,  and  dimiiiishea  regulaily  aa  tUe  v»le»c«  towani 
oxygi-n  incniaws. 

The  r(-t»tioii.t  jioint^d  out  between  the  combining  power  or  tiw 
olfnivnt,a  Mr(^  K^riK^ral,  (-xtenkliiig  througliotil  the  eutire  tal>le  of  tb* 
i^leinftnts.  it  itboidd,  however,  iie  stated  her^  that  there  artt  nianr 
bnutks  ill  the  sytitem,  irregularities  apjiearing  on  erery  hand.  Some 
of  thcM  defvct«  will  be  pointed  out  in  a  later  paiagnph. 

Relations  tcUhSn  the  Oroupt 

tn  the  table  of  Meiidd^'^if  tho  mombtTH  of  the  eren  seriea  an 
pUoL'd  above  one  luidthcr,  wx),  siniilarty,  tliv  itiombcrH  of  the  odd 
series,  l^h  group  is  thus  divided  into  two  columns,  whose  mcantng 
at  livst  sight  is  not  ho  apparent.  If  the  memliers  of  thrse  two  col- 
nuins  in  any  group  be  vompari'd,  it  will  be  fotiud  that  those  elemeuti 
which  fall  in  the  same  ooliinin  are  more  ctusely  allird  in  their  geiieni 
properties  thn-u  the  elements  in  different  columns  in  the  same  group. 
Thus,  lithium,  potassium,  mbidiiuu,  and  caesium  resemble  each  otfad; 
chemically  more  closely  than  they  resemble  sodium,  copper,  silrer, 
and  gold.  This  is  more  strikingly  shown  by  the  second  group,  wheKj 
beryllium,  calcium,  strontium,  and  barium  fall  in  one  oolunin, 
magnesium,  zinc,  cadmium,  and  mercury  in  the  other.  The  d 
eal  relation  between  the  individuals  in  a  given  column  is  very  oli 
in  this  group,  while  it  is  not  so  striking  Iwtween  the  ineuibon 
the  different  eoluinna,  llius,  calcium  is  much  more  closely  rwli 
to  stTontium  and  barium  than  it  is  tozinoormerc.iiTy;  and,  Himilnil^j 
cadmium  is  much  more  closely  allied  to  dnc  and  niereury  than  i|{ 
to  the  calcium  group. 

Passing  to  tlie  laat  group,  chlorine,  bromine,  and  i<idinc  fall  ii 
the  same  column,  and  are  very  .siniilar  in  their  elK'tnicjil  behii' 
while  their  relation  to  inangnnOM^  is  at  first  sight  not  very 
These  facts,  while  purely  cnignrical,  are  of  profound  interest, 
give  to  the  Periodic  Iiaw  a  deep  significanee.     It  is  certainly 
that  Oie  members  of  even  series  are  more  closely  related  to 
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er  Uuin   they  are  to  memberA  of  od<i  series,  and  th«  sanin 
olitAiiiH  Tor  l)ie  relatious  Inlweeu  the  odd  serieH.    We  Keeai  to  Imve 
,  li<'re  not  only  a  Periodic  Sy&teiu  of  the  eletuents,  but  one  such  ity^teni 
^WiUiiD  another. 

Basic  and  Add  Propertiet 

At  least  one  other  rvlation  between  tlii>  chemical  properties  of 
rlemcnts  and  th^ir  atinnic  weights  must  be  poiuted  out,  lit  any 
scries  the  cleiucDt  with  the  lowest  atomic  weight  has  tJie 
intalleet  power  to  combine  with  oxygreo,  as  has  already  been  stated, 
t  has  also  the  strongest  basic  character.  Thus,  lithium  is  more 
iic  than  beryllium,  which,  in  turn,  is  far  more  basic  than  boron, 
odium  is  mora  basic  than  Diagnesium,  while  aluminium  begins  to 
'ow  acid  ])ropertie3  in  its  hydroxide.  Potassium  is  far  more  basic 
calcium,  rubidium  than  atmntium,  oiesium  than  barium, 
he  difference  between  cojiper  and  Kiiic,  and  silver  and  cadmium, 
not  so  striking.  As  we  find  the  rao.tt  iKi.sio  elements  in  the  first 
p,  we  would  expect  to  lind  the  most  acid  in  Uie  last,  and  «uch  is 
case.  Through  the  middle  gruiijis  we  lind  idements  which  show, 
low  more,  now  less  baste  or  acid  prupcrtit*s,  di!))eiidinjj  ujiun  cuiidi- 
but  in  the  last  eohinm  of  the  latt  well.dvfin«d  group  we  have 
lements  which  manifest  only  acid-forming  imipcrti<-8.  The  hydro, 
and  hydrosyl  euinjxmiidM  of  the  halogens  nrv  always  jwidi«,  and 
.Iways  react  an  such  with  all  ollnsr  substances.  These  facts  are  vury 
lurprising.  As  wo  jmsx  upward  iu  the  tabic  of  atomic  weights,  say 
oxygen,  tlw!  first  clement  wc  encounter  is  fluorine,  with  very 
in<nini-<-i|  acid-f tinning  i>roperties.  Tlie  element  with  the  next 
ligher  atontic  weight  is  sodium,  which  is  one  of  the  strongest  baso- 
ing  elements.  Similarly,  next  Ut  sulphur  comes  cbtorinc,  which 
itu  much  stronger  acid-forming  properties  than  sulphur,  but  next 
chlorine  comes  potassium,  which  is  one  of  the  most  strongly  basic 
etnenu.  In  the  same  way  bromine  is  followed  by  rubidinm,  and 
,ine  by  ciesium.  where  the  contrast  in  properties  is  quite  as  great 
in  the  caws  referred  Ui  almve. 

Many  other  relations '  l>etweeii  chemip.^t  properties  and  atomic 
eights  have  been  pointed  out,  but  ttio.te  already  considered  are 
long  the  moAt  important. 

Physical  Properties  and  Atomic  Weights.  —  The  n-Iations  between 
of  tht-  phyaica!  pruficrtics  of  ihc  clcroenta  and  tJieir  atomic 


Utb.  Am.  Svppl  B,  I33-SS9  (18TS). 
«f»,  It 
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weiglits  are  striking.    A  number  of  these  have  been  pointed  out  by 
Lothar  Meyer.' 

Atomic  Volnmea.  —  The  atomic  volume  of  an  element  is  the  atomic 
weight  divided  by  the  specific  gravity  or  density  of  the  element  in 
the  solid  form.  In  this  connection  the  atomic  weight  of  hydrogen  is 
taken  as  the  unit,  and  the  specific  gravity  of  water  as  the  unit  of 
density.  Take  the  first  element  in  the  periodic  system  which  exists 
normally  in  the  solid  state,  —  lithium.     Its  atomic  weighty  is  7,  its 

density  0.59,     The  atomic  volume  of  lithium  =— _=  11.9. 

Meyer*  plotted  the  curve  showing  the  change  in  the  atomio 
volume  with  increase  in  atomic  weight,  and  found  tliat  it  had  re- 
markable properties.  The  curve  is  shown  in  Fig.  1.  The  abscissas 
are  atomic  weights,  and  the  ordinates  atomic  volumes. 

In  some  cases  the  specific  gravity  of  the  element  iu  the  solid  form 
could  not  be  determined;  as  with  hydrogen,  oxygen,  nitrogen,  Suo 
rlne,  etc.  In  the  places  corresponding  to  these  elements  the  curve 
is  a  dotted  line. 

We  see  at  once  from  the  curve  that  the  atomic  volume  is  a  peri- 
odic function  of  the  atomic  weight.  As  the  atomic  weight  increases, 
the  atomic  volume  decreases  and  increases  regularly.  The  curve 
presents  five  maxima,  at  which  we  find  the  five  alkali  metals,  — 
lithium,  sodium,  potassium,  rubidium,  and  Cfesium.  At  tlie  minima 
fall  those  elements  whose  atomic  weights  are  approsimately  the 
mean  between  the  atomic  weights  of  the  element  at  the  preceding^ 
and  succeeding  maxima.  In  fact,  at  the  third,  fourth,  and  fifth 
minima  we  find  the  elements  which  do  not  fit  into  Mendel^efPa 
table,  and  are  placed  by  themselves  in  group  VIII.  We  see  also 
in  this  curve  the  distinction  between  the  short  and  long  periods  of 
Mendel^efTs  table.  The  first  loop  of  the  curve  cont^iins  the  first 
short  period,  or  the  elements  from  lithium  to  fluorine;  the  double 
loop  from  sodium  to  nickel  the  first  long  period,  and  so  on.  It 
sometimes  occurs  that  elements  with  similar  t'lieniical  properties 
have  very  nearly  the  sanie  atomic  volumes,  as  with  chlorine,  bro- 
mine, and  iodine. 

It  is  quite  remarkable  that  for  elements  with  very  nearly  the 
same  atomic  volumes,  the  properties  are  markedly  different,  depend- 
ing upon  whether  the  element  is  on  an  ascending  or  a  desceiuUng  arm 
of  the  curve ;  and,  therefore,  upon  whether  the  element  with  t!ie  next 
higher  atomic  weight  has  a  larger  or  smaller  atomic  volume  than  its 

'  Die  tnodtrnen  TheorUn  der  Chemie. 
'  Litb.  Ann.  Suppl.  7,  354  (1870). 
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own ;  e.g.  pliosphonis  and  magnesium,  chlorine  and  calcium.  If  ■we 
follow  the  curve  from  its  origin,  we  find  the  most  strongly  base-form- 
ing elements  at  the  maxima,  and  the  remainder  on  the  descending 
arms  of  the  curve.  The  aeid-formiug  elements  are  on  the  ascending 
arms  f^  ttlB  Blir^ff  Belationa  between  a  number  of  physical  proper- 
re- 


>ate  at  which  metals  dissolve  and  diffuse  in  mercury  ]fm 


^  Meyer :  Die  modernen  Theorien  dcr  Chcmie. 
'  Die  modemen  Theorien  der  Chemie. 
•  Journ.  Cftem.  Soc.  69, 1079  (1806). 
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placing  A  pieco  of  Uie  metal  on  the  top  of  a  column  of  maroury  in  « 
gla&^  tube.  The  uietals  chbHeti  wei-e  Ihtiat!  wliioh  would  ikiiial ^■amiue 
most  easily.  These,  as  will  b«  aetMi,  beluug  (o  iht  tinevdii  nericii  in 
Mendel^eB's  CaUe.  For  uietals  in  the  sami»  gruup  tho  rate  of  Kiln- 
tioti  and  difTusion  iiioreasn  wttli  luureaw;  iu  utoniic  wvight  Coppvr 
dtHNolvcit  tuiil  difftises  hsa  rapidly  thuii  silwr,  and  silvv^r  less  tiuui 
gold.    Tlic  Older  in  group  II  is  Mg,  Zn,  Cd,  Hg;  in  group  III,  Al, 

I  Id,  T];  in  group  IV,  Sn,  Pb;  in  group  V,  As,  Sb.  Iti.  tu  th^  dif- 
ferent series  the  solution  and  diffuaioD  are  greater  the  nearer  the 
metal  stands  to  mercary.  The  metals  of  the  mercury  group,  in  gcn- 
'^ejii,  diffuse  most  rapidly.  The  farUier  the  element  is  removed  f ratn 
^Enercury,  the  tens  the  Holution  and  diffuiiiou.  These  reUlioiis  are 
Hnlearly  shown  in  the  followini;;  t.thle.  The  arrows  point  in  the  direc- 
^tion  of  increase  iu  soluhtlily  and  ditlusion. 
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Old  Atomic  Weight*  ooireoted  and  Vnr  Elsnsnti  predioted  bj 

^XeaDs  of  the  Periodic  Srttem.  —  A  seientilic  theory  to  be  t>f  the  high- 
eat  value  mu»t  not  siiujily  be  able  to  accotmt  for  all  the  facts  known. 
I      but  must  suggest  new  ponaibi lilies  which  were  not  reallzeiJ  when  the 
^Kheory  wm  first  announced.    The  Periodic  Law  has  fulfilled  the  lat- 
^ner  condition  in  a  beautiful  way.      By  means  of  it  a  number  of 
|Be<Toneou9  utomie  weighta  were  corrected.     Tlie  atomic  wei^'ht  of 
indium  was  supposod  to  be  7o.C,  and  the  composition  of  the  oxide, 
InO.    This  would  p!ac<!  it  in  th«  Verioili<'  Sysutiii  between  arsenio  and 
!      selenium.    The  chemical  proprrtii^  iind  al^rmiic  voltime  shuwexl  that 
it  beloujted  rather  between  cadmium  and  tin.    Mpyei'  gave  it  the 
atomic  wi'ightlirt,1(7l5.*)  x  lj),8nd  regarded  thooxidcaKhiivingthe 
oompusition  TujO,    This  was  confirmed  by  buosen'  from  (ptrific 
heat  dctonuinations.      Tlie  atomic  weight  of  bf^ryliium  was  ihmight 
to  bu  4.54,  nr  4.M  X  2  =  9.08,  or  4.54  X  3  =  13,02.     The  chemit-al 


■  LUh,  Atn.  dTivs)!.  7,  3«3  (18T0>. 
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and  physica]  nature  of  Uie  element  showed  that  it  muat  come  b6- 
tween  lithium  and  bofou,  aud,  itide«d,  be  the  btiail  of  the  raagneaium- 
calcium  group.  The  true  atouiic  weight  was  sulMequeutly  showu  to 
be  9.08.  Siinilarl]',  urauiiiui  wh-s  stipiNxsed  to  Itave  tlie  atomic  weight 
60,  120,  or  IRO,  jifkI  it  vriu  <linictilt  to  decide  lii'tvnvn  tliesft  valueflL 
Rut  it  wu  mure  ]in>)NiliIy  ^40  in  tonus  of  tlie  IVrioilie  Syittciit ;  nad 
this  oonjoctuTv  has  aUu  blH^n  verified.  It  should  be  oluerved  that  in 
thcsv  cues  the  ^'apor-ilensitj  method  of  dctvruiiniug  tlie  uuinber  of 
atoms  in  the  tnol<?!etdv  could  not  be  eiDployixl. 

The  l*crio«lic  System  has  been  used  not  Hiinply  to  decidti  betwtwo 
wi  Htoniic  weight  and  a  multiple  of  this  quaotity,  but  to  Hvtually 
correct  atomie  weights  imperfectly  determined-  llnnsi^n  fouiid  Um 
atomic  weight  of  cKsium  to  )>e  I23.-I.  This  value  was  nmuller  than 
would  be  expected  from  the  Periodic  System.  The  correct  atotuie 
weight  of  cssium  was  found  lat«r  *  to  be  132.7.  which  is  in  perfect 
accord  with  the  svHteiu.  More  r«cent  work  in  connection  with 
osmium,  iridium,  platiuum,  and  gold  make  it  very  probiiblo  that 
the  order  for  these  four  elements  suggested  by  the  system  is  tb« 
correct  one,  und  that  the  earlier  determinations  of  atomic  weights 
contain  considerable  error. 

The  prediction  of  the  existence  of  unknown  elements  and  tliv 
natnre  of  their  projierties  hiw  iH^en  »a  beautifully  verified  in  a  num- 
ber of  cases  that  this  has  bt>e«m«  the  most  striking  application  of 
th«  Periodic  Law.  Meiidelrfcff'  nicofniiawl  that  the  atomic  n-i^ight 
and  other  iiropertia^  of  an  plcment  c?ui  l)e  iletenniiied  from  tbe 
properties  of  tlie  two  neiglihnring  elements  in  the  same  series  and 
the  tw«  nt'i^blKiring  elements  in  the  siime  half  of  tbe  same  jiTotip. 
The  priiperlie.-i  are  &a  a  nile  the  mean  of  tliose  of  tlie  four  elcin^DtS. 
These  four  elements  were  termed  by  Meadcl^Vff  the  Atomic  Anttlofftaa 
of  the  element  in  qiie.ttion.  This  will  be  clear  from  tJie  following 
example :  — 
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t  BmatH:  Fogg.  Ann.  US,  1  (180S).        *  Litb.  Ann.  Suppt.  S,  196  (187$]t 
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Th«  atomic  weight  of  struntiuiu  is  tliu  oivan  of  tlie  atomic  weights 
of  its  four  analogues,  aud  tlio  name  holds  in  general  fur  the  oilier 
^propcrtiM. 

^k  On  the  bKHis  of  this  fact  Mcndel^eff '  prirdicted  the  existence  and 
^vpropvrli«is  of  a  number  of  cli.-iiK'Dta  which  had  not  be«u  di^novered 
^Fwhcn  tliv  I'criodic  LawwM  aimoiiDced.  The  etomcnt  i>redieted  was 
iiaioMi  from  the  elviaeDt  in  tlin  same  group  whicli  immediately  [tra> 
Ci>des  it,  adding  the  prefix  "cka"  In  the  tliird  group  the  element 
iuiniediaUtty  following  boron  was  unknown,  aud  was  termed  rka- 
boroii.  ijince  it  followed  calcium  with  an  atomic  weight  of  tO,  and 
preceded  titanium  whose  atomic  weight  is  -18,  iLs  atouiii:  weight 
must  he  44.  The  oxide  must  have  tlte  coRipnuitioii  KhjOi  and  have 
the  same  relatiou  to  aluminium  oxide  af  caloimn  oxide  dws  to 
tnagaesiuin  oxide.  The  sulptialu  must  be  less  Maluljlit  than  altinita- 
iuiD  sulphate,  juat  as  calcium  Hulpliale  Is  less  soluble  than  magnesium 
sulphate.  Th^  i-arUinnte  would  b«  iuiiohible  in  watiir.  Tlie  salta 
would  be  Culiirli'SM  and  form  g<;1atinotis  precipitates  with  potataimD 
hydroxide  and  narbouate,  and  disodiuin  phos[)hate.  The  snlphals 
would  yield  a  duuhle  suit  with  potassium  sulphate.  Few  of  the  salts 
would  bo  well  cry  stall  ijiod.  The  chloridt^  would  probably  be  less 
volatile  tluin  aluminium  chloride,  sim^e  titanium  chloride  boila  higher 
than  silicon  chloride,  luid  cnleiura  chloride  is  less  volatile  than 
magnesiuiD  chloride.  The  chloride  would  be  a  solid,  its  volume 
about  7S.  and  its  density  about  'J.  The  specific  gravity  of  the  oxide 
would  be  about  3.5,  aud  its  vohnne  about  3!J.  Ekaborou  would  be  a 
light,  non- volatile,  difficultly  fusible  metal,  which  will  decompose 
water  only  on  warming;  would  dissolve  in  acids  with  evolution  of 
hydrogen,  and  would  have  a  specific  gravity  of  alwut  3. 

In  a  similar  manner  MendeWeff  predicted  the  existence  and  prop- 
Ides  of  an  element  between  aluminium  and  indium,  terming  it 
i/wjittNium.     The  atomic  weight  would  be  approximately  68. 
Again,  an  element  should  exist  between  silicon  and  tin,  and  this 

twas  termed  ^n^liviMm,  with  an  atomic  weight  of  72. 
The  properties  of  the  last  two  elements  and  their  compounds  are 
describetl  in  roustderahle  deiail  from  the  properties  of  their  atomic 
^alogues,  but  for  these  the  original  paper'  must  be  conaullcd. 
These  elements  have  now  all  been  discovered.  The  element 
descrilwd  by  Xihton '  as  scandium,  proved  to  be  ekalxiron.  having 
an  atomic  weight  of  4i.    Galliiun,  discovered  by  Lecoq  de  Itoisbau* 


■  £4eb.  Ann.  Stipfit.  %,  100  (IBT3).  *  f^C.  cIL 
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dtan,'  wait  Uie  {)r(Mliet«d  ekaaluminiunt,  with  an  atomic  weifflit  of  70. 
Ati(]  K<'i'>>iitiiiiiiii,  ilixoovered  l>y  Winkler,'  [iroved  to  l>e  thti  ttluuilioan, 
liaviiiK  ail  alomio  weight  of  72.  'Thu  jiroiiertiea  tif  tliesa  elttiuenU 
and  their  c<>m))ouii(l8  correittHUxleii  about  ait  closely  wiili  Uie  propetties 
pttfilioti'i!  fcir  tlisin  aa  tin-  :iliiiiii<!  wi-ijrlits. 

ImperfecUou  in  the  Periodic  Byitem.  —  While  admiring  tlie  mnDj 
d«op-sviiU-d  reUtioDS  which  iirr  briuight  out  by  the  I't-riwlic  System, 
wo  inuHt  not  ftiil  to  olntcrvu  that  it  is  far  truin  coinplvtv.  At  tfa« 
very  outsui  there  is  ovidpnou  of  tJiis  incouipk-ti-Mss  —  liydrogra 
doeH  aot  fit  nt  nil  into  the  scheme,  uid  yet  it  is  one  of  thi;  most  im- 
portant eleiDCiit«.  In  tlie  vcTy  first  group  of  the  rl<.-titt^nt«,  ugain, 
there  is  apparent  inconsiatency.  Along  with  lithium,  potassiun, 
rubidium,  and  ciesium,  we  tiud  copper,  silver,  sjid  goltl.  There  is 
evidently  no  very  close  connection  between  the  last  three  elements 
and  the  first  four.  I^'Hirther,  sodium  docs  not  fall  into  tJte  satne  divi- 
sion of  the  group  with  the  other  strongly  alkaline  nielals,  Imt  with 
copper,  silver,  and  gold.  It  is  at  once  apparent  that  sodium  is  not 
aa  closely  allied  to  these  elements  as  to  the  alkali  metals  wbioli  DOlh 
stitute  the  other  division  of  group  I. 

Pasting  over  the  intermediate  groups,  which  contain  a  nunit>«r  of 
more  or  leas  serious  inconsistencies,  we  find  in  group  VII  manKaiiese 
placed  with  the  halogens  and  not  falling  into  the  same  group  eittMt 
with  dhromium  or  with  iron.  The  relatione  of  mauganese  to 
halogens  ar«  not  more  striking  than  the  difTerencea,  and  we  do  not 
find  manganese  falling  into  the  same  division  of  the  group  with 
chlorine,  bromine,  and  iodine,  but  with  fluorine,  to  whiih  it  boaim 
iQticli  lets  cloxe  resemblance  than  to  the  remaining  !lalo]^-1U(. 

^Vhen  we  come  to  group  YIII,  we  find  nothing  but  discrepuinotea; 
TliMe  elements  do  not  fit  into  the  sy»teni  at  all,  and  are  pln>T(.>d  b; 
Uicipst^lves  as  a  ee)vi.rat«  groujii.  It  is  quertionablt-  whether  it  it 
desirable  to  call  this  group  VITI,  since  it  ia  ut  iio  chemical  «r  physW 
crI  Reuse  a  true  cxti;n8i<in  of  the  system  one  rt«p  beyond  group  VH. 
Take  ta  an  example  the  [lower  of  the  elemental  to  combine  wilh 
oxygvn.  There  is  a  regular  inoroaae  in  this  pow<>r  from  unity 
group  1,  through  the  several  groups  up  to  group  VM,  —  where  wt 
find  the  compounds  01,0^.  Itr/).,  1^^,  —  fluorine  not  oombirtiitf 
at  all  with  oxygen.  Of  all  the  elements  in  the  so-called  group 
VIII,  there  is  only  one,  osmium,  which  has  a  valence  of  et^ 

I  Can^t.  TOiul.  11.  403.  1100;  BS.  183.  iai3.  1006;  88.011.930,003,  nt, 
104-1  ;  86.  «41.  1940  (ISTA-18TB). 

'  Bfr.  d.  elum.  OtMll.  19,  210  (ISW) ;  Journ.  pmkt.  Cflem.  [9],  84.  ITT 
(ISM)  ;  88,  177  (IBS?). 
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flxygen.     The  remaiuder  all  Bhoff  a  lower  valenco  towards 
is  eIem<)nL 

It  seems  belter  Ui  recoguize  tlieae  etemeute  a^  distinct  excsptious, 

hicb  do  Dol  fit  into  th«  Periodic  System  at  all  satisfactorily ;  y«t 

here  w«  must  rt^ogiiiM  a  oertaiii  peiiodicity  in  the  refltirntnoe 

tbew  «xc«]>Uoiis,  and  tbat  tLey  occur  iu  every  cas«  in  grMUjM  of 

Th«  I'liriodio  System  fleenie<l  to  be  Itard  presaed  for  a  time  to 

ml  it  ptiici;  for  sonio  of  Uiu  «lenieiiLt  descrJlied  by  Kamsay  its  o<^cu^ 

ing  ill  tin-  atmosplittric  air.    Quito  i-ooeiitly,  liowevi'r,  Ram»ay  lias 

:owD  that  these  «lcuienta  bav«  a  ])ta«ti  in  Uie  Periodic  8yKt«iii. 

'h«M«  B|»]Kireiit  diHcmpianoifR  in  Uto  Perioilio  Syxtem  have  not  been 

iut«d  out  with  the  doiirc  to  uDdvrviilue  tliu  merits  of  tliiH  impor- 

:it  gmHiralizatioD,  btit  simply  to  arrest  attention  to  ihi^  fact  lliat 

«  system  is  still  far  from  complete.    What  has  already  bu«ii  ao- 

mplislivd  is  of  tremendous  importance,  as  is  shown  by  tbo  singte 

fact  that  wo  can  correct  atomic  weights  and  predict  the  jiropertics 

I  of  elements  entirely  imknowu.  Indeed,  we  can  do  more  j  we  can  pre- 
dict with  what  elements  the  unknown  olmncnt  in  question  would 
form  compounds,  the  compositioti  of  these  compounds,  and  even  tJie 
Dolor  and  other  physical  projierties  possessed  by  them. 
I  We  shall  probably  never  have  a  complete  and  perfect  Periodic 
System  of  tlie  elements  until  our  knowledge  of  these  substances  and 
their  comiMunds  is  far  deeper  tiian  at  present.  If  the  system  waa 
perfect  and  complete,  it  is  more  than  probable  that  it  would  lose 
some  of  the  interest  which  it  now  posseases;  since  it  would  then 

N offer  br  leu  inoentive  to  in vesti nation,  which  is  one  of  the  best  tests 
pf  the  Sftieiiiifii^  value  of  anv  lli-'orv  or  ijeiieralizaliini. 
Thomson's  Theory  of  the  Relation  between  the  Elements.  —  The 
hypotheaia  of  Prout  that  the  atoms  of  the  different  «leiiieiil.t  are 
a^rej^tions  of  hydrogen  atoms  was  shown  at  the  bef^nninv;  of  thia 
Motion  to  l>e  onte liable.  J.  J.  Thomson,'  from  a  study  of  th«  [lii.ssage 
of  cathode  rays  thvouKh  iraites,  haa  recently  been  led  to  a  theor}-  as 
to  the  comt>osition  of  tlie  atoms  of  elementary  8ul>stanccj^  which  in 
a  way  is  aiudoKous  to  the  hypothesis  of  Prout,  but  winch  diff-r*  vory 
materially  from  it.  Bays  Tbomiti>n,*  "  As  the  o.:it)iiHle  rays  earrj'  a 
cbar^e  of  negative  electricity,  are  dcHeCt^'d  by  an  electrostatic  force 
ax  if  they  were  negatively  electrified,  and  are  acted  on  by  a  magnetic 
force  in  jn.tt  the  way  >n  whirb  this  fon-o  wonid  act  on  »  nefiatively 
electrified  body  moving  along  the  path  of  these  rays,  I  can  see  no 
escape  from  the  conclusion  that  they  are  chaiges  ot  negatiTO  eleo- 
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tridty  c»Ti(»]  by  particloa  of  matter.  The  question  n«xt  arises, 
What  are  th*-»c  i>arti(-!i's';*  are  tbcj  utomv,  or  nioWules,  or  matter  in 
a  still  fiu«r  state  of  subdiviigioa?  To  throw  Hume  light  on  this 
point,  I  hare  made  a  serin  of  measarerocnts  of  the  ratio  of  the  nun 
of  these  parttcW  to  the  charge  carried  bv  it." 

If  wo  represent  the  masa  of  each  of  the  jiarticles  hy  m,  and  tbe 
charge  carried  by  the  particles  by  e,  two  imporbuit  facta  were  ili» 

covered  in  connection  with  the  values  of  — • 

IsL  The  value  of  _.  is  indcpciiilent  of  Uie  nature  of  tbe  gas. 

2d.  It  is  very  siniiiil  (10"')  as  ooinparcd  u-itli  the  smallest  value 
of  tJiis  quantity  previously  known,  10'*,  which  ia  the  value  nf  tint 
hydrogen  i<jn  iti  eloi-trolyNin.  It  is,  therefore,  very  probahli;  thitt  the 
carrier  ia  the  same  in  the  different  gases,  an<l  since  e  is  tlie  same  as  in 
electrolysis,  m  must  be  very  much  smaller  tlian  ordinary  molectilec 

To  again  quote  from  Thomson's  paper':  "The  explanation  which 
■eems  to  me  to  aceount  in  the  most  aioiple  aud  struightfurwaid 
manner  for  the  facts  is  founded  on  a  view  of  tbe  constitution  of  tbe 
chqniical  eleiii(^it«  whii-h  has  been  favorably  entertained  l>y  cuany 
chemists;  this  view  is  that  the  atoms  of  the  different  chemical  ele- 
ments w  ilitTiTcnt  agnrregattons  of  atoms  of  the  same  kind.  Id  the 
form  in  which  this  hypothesis  was  enunciated  by  J'rout,  the  atoms 
of  the  difFerent  elements  were  hydrc^u  atoms;  in  this  precise  fotm 
the  liy)K>thivsis  is  not  tenable,  but  if  we  substitute  fur  hydt\>^n  some 
unknown  priinonlial  sulraiance,  X,  there  is  iiolhiDg  known  which  is 
ineonsisteDt  with  this  hypothesis.  .  .  ,  ■  Thus,  on  this  ^new  we  hare 
in  the  »itliiidi-  rays  m.itter  iu  a  new  state,  a  state  in  which  the  cub- 
division  of  iii:itter  is  carried  very  much  further  tlmn  in  the  ordiuaty 
gaseous  state;  a  state  in  which  all  matter  —  that  is.  matter  detirwl 
from  different  sources  sueh  as  hydrogen.  oKjgen,  etc.  —  is  of  one  and 
tbe  same  kind ;  this  matter  being  tlie  substance  from  whieh  all  tb» 
chemical  elements  are  built  up." 

These  very  stiiall  panicles,  or  primordial  ^Uoms  into  whieh  the 
nolecnles  of  tbe  gas  are  dissociated,  have  beciit.termed  by  Thoiaaon, 
"  corpuscles."    These  are  evidently  much  Ktiiallar  than  the  ninlecules 

of  tbe  gas,  and  would  uive  a  constant  value  for  _,  independent  of 

e 

the  nature  of  the  gas,  for  the  "oorpusules"  are  the  same  wh:vteTer 
the  gas  might  b& 

We  have  thus  traced  in  this  aeetion  tliif  Iheoric.*  aa  to  the  rela- 
tions between  tbe  atoms  of  the  dilFerent  elements.    Al.tu  the  ri.datioiu 
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bctweon  th«  wlative  weights  of  tlte  atoms  of  etementary  stilMtunMS, 
tlic  fihftmicuil  iind  physical  proiwrtiiM  of  lliost:  8itlistaiie«S.     The 
iieMtioii  liiw  not  tlnis  far  1m'i>ii  mii<«ij  iis  to  the  actual  nature  of  th* 
im,  or  as  to  its  abnuUite  aiw  or  weight.    To  such  prohloms  wc  will 
now  tuTiu 


bcti 

Kiie: 

■■toi 


I  THE  NATURE  OP  ATOMS  AND  THE  SIZE  OP  MOLECULES 

TIm  Theory  of  Vortex  Atoms.  —  A  paper  on  "  Vortex  Atoms " 
was  pro»ont(vi  by  Lord  Ki'tviti  to  the  Ruyal  Society  of  Ediuburgh  in 
1867.'  Ue  had  been  attraett^l  by  Ilclniholtz's  discovery  of  the  law 
of  vortex  motion  in  n  prrfcct  fluid,  which  appcnrcd  to  him  to  con- 
tain a  ratdonal  explanation  of  the  uatnre  of  the  atom  itself.'  "  This 
discovery  inevitably  suggests  the  idea  that  Helmholtz'a  rings  are 
the  only  tme  atoms,  for  the  only  pretest  seemiug  to  justify  the 
monstrous  assumption  of  itiliiiitely  strong  and  infinitely  rigid  pieines 
of  matter,  the  existence  of  which  is  asserted  as  a  probahle  hy|wtlie- 
ais  by  some  of  the  greatest  modern  chemUts  in  their  rashly  wonied 
introductory  statements,  is  that  urged  by  Luoretius  and  adopt4>d  hy 
Newton;  tliat  it  seems  necessary  to  account  for  the  nii«lt<-r:iliU'  div 
tiiiguisluiiK'|»atittes  of  different  IciiidH  of  matter.  Itiit  fU-liiilK>ltz 
has  proved  am  absolutely  unalterable  (|uality  in  the  motion  of  any 
jMrtaon  of  a  pirrfoct  liquid,  in  which  tin-  [M^culiar  niotiun  which  he 
cmlls  '  TorU^x  motion '  ha.«  onc«  hccn  cn-aiJnl.  Thus,  any  portion  of 
n  j>crfeet  liquid  whiidi  hiw  'vortex  motion'  has  one  recommenda- 
tion of  Lncrrtiiui' atom, — infinit«ly  iwicniual  BjMtci lie  quality.  To 
gmerate  or  to  destroy  'rortojt  motion'  in  a  perfect  fluid  can  only 
Ixt  an  tusi  of  creative  power." 

Maxwell'  discusses  the  vortex  tJieory  of  Kelvin  in  some  detail, 
and  points  out  that  the  fluid  must  Ira  a  material  substanee  with  con. 
tinuons  motion,  and  the  mass  of  any  moving  portion  must  remain 
constant.  In  addition,  it  must  be  incompressible,  homogeneous,  and 
oontinuous.  If  from  every  |)oiut  of  a  closed  curve  vortex  lines  are 
drawn  in  both  directions,  the  tubular  sitrf-ix-e  thiu  formed  is  the  so- 
ealled  vortex  tube.  The  strrnKth  of  the  tidie  is  the  product  of  tlie 
area  of  any  section  nf  iht>  tulw!  and  the  mean  velocity  of  rotation. 
Maxwell  shows  tliat  the  fidlowing  fiurts  obtain  for  such  a  finite  vor- 
fx  tulm  in  an  infinite  fluid :  It  so  n^'tums  into  il»e1f  as  to  form  a 
closed  ring,  whenw;  the  term  '■'rort*x  ring."  It  always  consi.'sU  of 
tho  mn«  portion  of  the  fluid,  and  therefore  has  an  invariable  vol- 
ume^   The  strength  remains  invariable.    A  portion  of  tb«  fluid  oaCd 

'  Pnc  Boy.  Soe..  Edinb.,  1807.  p.  94.  '  Ihid.,  p.  M. 
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ID  rotational  taotion  must  forever  continue  so  to  more,  and  all  po& 
tioDs  not  origin&Uj  iasuch  motion  can  never  entor  into  it.  A  tir^ 
_tex  tube  can  neror  pass  through  any  other  such  tulw,  or  (broogh 
By  of  its  own  convolutions. 

Maxwell  thinks  "  that  the  vort«x  ring  tiifon  of  the  atom  satu- 
&n  more  of  the  necessary  conditions  than  any  other  theory  of  tin 
atom  thus  far  siiggeat^il." 

ApplioatioDi  <^  ttie  Theorr  to  Chemioal  Fheaomena. — Th«  ap' 
pUi<»l;(iti  nf  tlie  thiiory  of  the  rortex  atom  to  chemical  pbenomeBi 
v^  nvf  <!liivfly  to  J.  J.  Thomson.'  The  aimpleat  atom  coiuiists  of  i 
single  voi'tcx  ring;  tliu  niori;  complex  atoms  of  tiro  or  more  of  tbew 
riDg«  linkiHl  together.  The  single  rings  may  differ  in  volume,  which 
would  account  for  the  difforence  in  properties  observed.  Chemical 
action  consists  in  the  imioD  of  the  vortex  rings.  If  the  rings  are  of 
tbe  same  kind,  we  have  atoms  of  elementary  substances  uniting  to 
form  molecules.  If  the  rings  are  of  different  kinds,  we  kare  tlw 
two  elements  of  wlii(;h  thcso  rings  arc  the  atoms  uniting  cbomically. 
If  two  vortex  rings  iinit«d  as  above  described  an  brought  into  the 
presence  of  other  vortex  rings,  they  will  separate,  since  their  ve!o«- 
ties  of  translation  will  become  different,  their  radii  being  changed 
by  different  amounts. 

Atoms  of  all  tlie  eleuienlary  substances  are  th(!n  to  be  regarded  as 
made  up  of  vortex  rin^!*.  Some  consist  of  only  one  ring,  others  o( 
two  rings  ltuk«J  Uigcithi^r,  nthers  of  thre«,  and  so  on  up  to  six  vortex 
rings.  It  ia  shown  that  no  alum  can  consist  of  more  than  six  uf  tb«W 
rings  arnmgeil  syininetricully,  and  this  is  of  chemical  importnnwj,  as 
we  shall  see.  One  atom  of  an  elementary  substance  may  unite  with 
another  of  the  same  kind,  forming  a  molecule  consisting  of  two 
atoms,  as  we  believe  to  be  the  case  in  hydrogen,  chlorine,  oxyg«n,  etc 
Three  or  four  elementary  atoms  might  unit«  and  form  a  molecule, 
bat,  as  Thomson  points  out,  there  is  much  less  cliance  of  their  ooia- 
bining  in  this  way  than  in  pairs. 

Each  vortex  ring  in  the  atom  corresponds  to  one  bond  or  unit 
valence,  and  the  ntimher  of  vortex  rings  contained  in  the  atom  det«^ 
mines  its  valency  or  combining  power. 

The  conclusion  that  if  these  rings  are  linked  in  th«  moat  ayio- 
metrical  maunor  th>^  largest  possible  number  contained  in  any  atom 
ia  six,  can  Ik^  tested  by  chemical  means.  If  the  maximum  ntimbcr 
of  rings  in  an  atom  is  six,  and  each  ring  corresponds  to  one  valence 
OT  combining  power,  then  the  maximum  number  of  the  simplest 
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rlDg  atoioa  vitb  which  auy  atom  could  oaiDl)ine,  u  six.  Tlicre 
no  cane  Itnown  in  the  whole  fiold  of  (thetiiintry  where  one  atom  of 
ttxij  subtftanoe  couilnucii  with  more  than  six  ntoins  of  any  other  siib- 
etanou.  And  further,  iliere  i»  at  htiist  oiie  compaiind  known  (WCl,) 
wh«re  an  atom  of  one  elemi-ut  does  com  bine  with  six  atoms  of  another 
olcitivnt.  This  agreement  between  theory  aiid  fcict  is  so  striking 
that  it  cannot  be  re^prdiul  as  an  owidcntal  coincidence. 

The  th)-ory  of  vortex  atoms  is  also  wonderfully  in  accord  with 
some  of  the  foct^i  discovered  by  a  spectroscopic  examination  of  the 
elfimrnts. 

What  the  ultitnato  fato  of  the  theory  of  "  vortex  atomti "  will  h&, 
is  impossible  to  say.  The  enormous  difficulties  involved  in  tenting 
any  theory  as  to  the  nature  of  the  atom  itself  are  apparent  to  any 
one.  All  that  can  be  stated  at  present  ia  that  this  is  liy  far  Uie  best 
theory  that  we  have  as  to  the  nature  of  the  atom,  and  that  it  accordft' 
with  many  important  facta  both  in  chemistry  and  in  phy«iii-s. 

The  SiM  of  Hoteenlee.  —  This  chapter  on  atoms  and  niotcciilrs 
should  not  be  closed  without  a  brief  reference  lo  Kelvin*s  calculation 
of  the  approximate  size  of  molecules.  He  *  calls  attention  to  the  fact* 
that  atoms  cannot  be  iiifhii^esiinally  small,  since  if  tliey  were,. 
eitiical  reactions  would  kavR  t»  take  placii  with  infinite  velocity. 
:ii«»K  that  atrOin:(  have  tinite  sixr,  heubtjtined  data  from  several 
es,  iind  especially  from  the  study  of  the  electrical  relations 
weeD  eop])er  and  nine,  and  also  froin  tlie  study  of  tlie  thickness  of 
le  soAivbubble,  for  eak-ulatiuii;  the  sixo  of  molecules.  The  results 
ibtuinod  bj  some  four  diffm-nt  methods  were  of  the  same  order  of 
magnitude.  If  two  millions  of  moloeules  were  arranged  side  by  side, 
the  row  would  bo  a  nijllimotre  in  length,  and  two  hundred  million, 
million,  million  of  hydrogen  molecules  would  weiy:h  a  milligram. 
The  number  of  molecules  in  a  culiic  centimetre  of  gas  under  normal 
conditions  cannot  be  greater  than  Ci  x  10",  or  six  thousand,  million^ 
million,  million.  Since  the  densities  of  liquids  and  solids  are  from 
five  hundred  to  sixteen  thousand  limes  that  of  the  air,  the  number  of 
molecules  in  a  culwc  centimetre  of  the  liquid  or  solid  must  be  from 
X  10"  to  3  X  10*. 
Nuwtters  of  such  magnitude  are  entirely  incomprehensible,  and 
n  order  to  form  any  conception  of  them,  we  must  translate  them  into- 
TOLs  with  which  the  mind  can  deal.  This  has  already  been  doae- 
or  us  by  Lord  Kelvin  in  the  last  paragraph  of  his  paper : '  — 
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"To  form  some  conception  of  the  degree  of  coarse-grainednesa 
indicated  by  this  conclusion,  imagine  a  raindrop,  or  a  globe  of  glass 
as  large  as  a  pea,  to  be  magnified  up  to  the  size  of  the  earth,  each 
constituent  molecule  being  magnified  in  the  same  proportion.  The 
magnified  structure  would  be  coarser-grained  than  a  heap  of  small 
shot,  but  probably  less  coarse-grained  than  a  heap  of  cricket  balls." 

Perhaps  the  best  demonstration  of  the  almost  unlimited  divisi- 
bility of  matter  is  furnished  by  some  of  the  aniline  dyes  or  by  fluo- 
rescein, where  one  part  is  capable  of  coloring  or  rendering  fluorescent 
at  least  one  hundred  million  parts  of  water. 

The  absolute  size  of  the  molecules  has  been  calculated  on  entirely 
different  grounds  by  ^N'ernst,  J.  J.  Thomson,  and  others.  The  reBults 
obtained  are,  in  general,  of  the  same  order  of  m^nitude,  and  in  many 
cases  agree  as  closely  as  we  could  expect  when  we  consider  the  enor- 
mous difficulties  involved  in  such  calculationB. 
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PropeitieB  of  OasM.  —  We  kuow  matter  iu  three  states  of  agRrega* 
tion :  gas,  liquid,  aiid  solid.  These  differ  from  one  another  iu  many 
respeda ;  but  the  most  strikiug  differeuce  ih  iu  the  relative  ease  with 
which  the  )>articles  cau  uove  among  oue  another.  In  a  gas  there  ia 
comparatively  little  resistance  offered  to  the  movements  of  the  mole- 
cules; the  friction  of  one  tiarticle  againnt  another  is  eoiii]<:ira!ivc1y 
smalL  III  a  liquid  there  is  much  greater  rt-itisUiiuc  ofTt^red  to  the 
moveaient  of  the  jiarts,  Uie  inner  frictioD  bvin^  miuiy  times  greater 
ttian  in  a  gms;  while  iu  a  solid  the  ]iarls  aro  rolativ«ly  fixed,  and 
moremvnt  ts  aceomptished  only  by  subjecting  tlie  solid  to  very  great 
pressnrcs. 

Anothisr  striking  difference  between  gases,  and  liquids  and  solids, 

probably  dae  to  tlut  same  caiisv,  is  the  almost  unlimited  povrcr  of 

exjiansioo  possessed  by  the  former.     A  gas  expands  and  fills  the 

entire  spaoo  placed  at  its  disposal.     A  liquid  takes  the  form  of  thti 

containing  vessel  on  all  sides  exoepl  above,  but  has  its  own  defioite 

volume  for  a  definite  temperature,  and  this  varies  but  little  for  large 

changes  in  pressure.     A  solid  has  its  own  definite  shape  and  volume, 

independent  of  the  shape  and  sixe  of  the  containing  vessel.    This 

volume  varies  with  tixe  temperature  aeeordiiig  to  definite  laws,  and 

is  only  slightly  changed  by  change  in  pressure.     Gases  differ  from 

liquids  and  solids  idso  in  that  they  represent  matter  iu  a  very  dilute 

form.    A  littlr  matter  is  distributed  through  a  large  sjiace,  or  as  it 

is  u.iiially  expressed,  the  density  of  gases  is  small.     Sfinie  of  these 

differeooCH  are  not  as  fundamental   as  they   might   at   fintt  »ight 

I     uppeor,  rinoe  a  gas  can  be  compressed  to  a  liquid,  and  a  liquid  con- 

^»ert«d  into  a  solid.    And,  similarly,  a  solid  can  be  liquefied,  and  a 

^Eliquid  converted  into  a  gas.    Indeed,  most  of  the  forms  of  matter 

^rvitl)   which  we  are  acquainted  are  known  in  all   three   states  of 

oggregatuHi. 
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Of  the  three  staUs  of  aggregation,  the  gunous  U  t]ie  sltniilest, 
since  it  repi-esenta  luKttvr  in  ti)«  must  t«ntuHu  vonditioD,  and  wriU, 
therefore,  be  studied  first. 

Law  «f  Boyle.  — The  fact  that  a  gas  alwiij-s  fills  the  fintint  spur 
plactrd  »t  itti  dinpoaal  makes  it  easy  to  chsngo  the  volumR  of  a  gu 
ut  will.  ThiH  i^an  be  also  aocuiuplished  by  simply  ch&iiging  the 
prcsniirv  to  which  the  gas  is  subjected.  With  increase  in  pressnn 
the  voliinir  of  a  gas  becomes  sinaller,  and  with  iiiwiasi  in  pTtissute 
the  density  of  a  gas  becomes  greater.  Thure  is  a  very  simple  reb- 
tion  connecting  thew  quiuitili<!s.  The  pressure  of  a  gas  U  pro- 
portional to  iu  density,  and  both  are  inveraely  propottioual  to  the 
volume.    If  wc  rcpwsvnt  the  prvssure  by  p,  aud  the  denaitj  by  d, 

p  =  cd. 

If  V  is  tlio  volume  tmcl  m  the  inasH  of  tlio  gas,  Boyle's  law  may  be 
expressed  thus :  — 

e  is  a  constant  for  a  gas  at  a  given  temperature.  If  p  is  the  prcsson 
and  i;  tlie  voUiiue  of  a  i,-iveu  mass  of  gas,  and  j),  and  tr,  tli«  )>ressnR 
and  rotiune  of  the  saints  in.-i&s  of  gas  under  other  conditions,  Uoyle't 
Law  may  be  expressed  thus:  — 

P»  =  PlVf 

Th«  product  of  the  pressure  and  volume  of  a  given  mass  of  gaa  at 
constant  temperature  is  a  constant. 

Boyle's  law  may  he-  expieutud  in  still  unothcr  way.  Since  the 
piestiure  and  density  of  a  ^k  are  proportional,  the  prt'itsure  exert«d 
by  a  gas  varies  directly  m  its  coiiecntratioii,  or  dirvvtly  as  tlia 
BURibcr  of  part.s  ci'iitaiiu'd  in  unit  volume, 

Exceptions  t«  the  Law  of  Boyte.  — It  was  early  shown  tliat  the 
law  of  Itoylo  duos  uot  hold  under  all  conditions.  Deviations  were 
observed  especially  wlien  the  gas  was  subjected  to  high  pressures; 
the  change  in  voliime  being  less  at  these  pressures  than  Wtnild  be 
supposed  from  the  law  of  Itoyle,  as  batterer '  and  others  Iiave 
shown. 

The  investigation  of  Amagat'  on  this  problem  is  probably  tiu 
best,  and  is  ct^^]ainly  the  most  fundamental  whieh  has  ever  b««ii 
carried  oat.     Uc  arrived  at  the  same  conclusion  a.t  that  reached  bj 


>  Journ.  prakl.  Chtm.  W,  127  (186S). 
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KaUerer,  tliat  the  product  of  pressure  and  volume,  pv,  increases 

,  with  incKade  iu  presHure  for  very  high  pressures.     Amagat  plotted 

W  rosulL*  obt^iied  tor  hydrogen,  iiitrogeu,  carbon  dioxide,  oxygen, 

fltiatt,  eW,,  in  curvta.'     For  the  smaller  pressui-es  the  gases  were 

Diore  strougly  COtnpr«Hsed  than  would  tie  expected  from  Boyle's  law, 

— pv deoreftting  wiUi  incruade  iiL  pressure.    The  value  of  iir,  with  in- 


10    «0     M     «)    too    120  IM    IW  I«U  KU   UO  2*0  1«0  180  MO    )» 

Fro.  3.    fiTHVLCHi. 
PrMtiUM  In  meinu  ot  uercnrjr. 

tog  prcisstire,  reached  a  minimum,  conformed  closely  to  Boyle's 
'  a  short  ran^e  of  pressure,  and  then  began  to  increase  as  the 
IpTpestirw  tii<rrease<(l.    This  vrtll  be  seen  at  once  from  the  curves  in 
Fift-  3.     Hydrop>.n,  liowi'ver,  i.t  a  marked  exception.    The  value  of 
pv  inereaAOs  regularly  with  increase  iit  pressure  from  comparatively 
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^M           email  pressures,  so  that  the  curTe  for  hydrogen  does  oot  sliov  uiy  1 
^m           iDinimum,  but  is  reiy  n«&rly  a  sWuglit  line.    This  will  Iw  »e«ti  from    1 

^L       tv4. 

^^^B          Ataa(;at  studied  also  tlie  effect  oE  temperature  on  the  devtativna  J 
^^^^     from  the  !aw  of  Boyle.    Some  of  his  earlier  work' iudiciti'  '  ''..^^ 
^M           valiiesof />(-,  witliiuereaaeinpi'essure,  remaiuedtuoi'e&i-an}  <    u  ...at 
^1           at  highttr  li'iiiperatures.    This  k'd  liim  tu  carry  out  au  elaborate  to- 
^M           ve^ti^Uoti,  n-hii'li  wait  publiMhi^  in  188U,*  and  wbicb  ia  probab^ 
^H           the  most  ini{)»rt4iiii'  pujier  U-itring  ii[H>n  tlte  exoepUons  to  Boyli^a 
^M           law.     He  lijok  a  ips,  .-my  elhyli-m',  and  worked  out  tlie  values  of  pt 
^H           with  rhunge  in  pressure  at  a  given  t^iinperature:.     He  then  fomid 
^H           the  values  of  pv  for  the  same  mag«  iu  pressure,  using  a  diEterent 
^B           temperature.     Id  the  vase  of  cthylone,  the  temi^crabiues  ranged  From 
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00°,     Amaxat  used  a  mimlicr  of  gases.  —  nitropen, 
IbylKiie,  inuTidt  gas,  and  liydrogeii,  —  and  plotted  the 
fur  each  ga»  at  the  different  teiiipcratures  in  a  curve 
«■  two  gases,  iilliylenc  and  liydroKen.  are  pven  in 
'he  abscissas  arc  the  prvssiircs  expressed  in  metres  G 
le  ordinates  are  the  values  of  pe, 
alues  of  jni  for  ethylene  and  all  the  other  gases  atudie> 
itioD  of  hydrogen,  at  first  decreased,  then  reached  n 
1  fiDaliy  increased  as  the  pressure  increased.     It  wil 
seea  from  Fig.  3  that  the  deviation  from  tlie  law  of 

Am..  Chtm.  J%vt.  [4],  M,  248  (ISIS). 
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>mM  IM9  and  len  &a  the  Uiuporalure  increases.  If  the  law  of 
Ic  Bi>|>lii!ii,  the  ctirre  would  be  ii  siLraigliC  line  jiitiiillel  to  the 
n»i>u.  This  i;o»<3itiun  U  more  luitl  uiun;  nearly  ivalizoil  its  the 
triiil>4;i'utur<;  tise« ;  iuiti  for  ethylene  at  KXI'  ihn  niiniiniiui  id  far  less 
Rhaq>  or  pronounced  than  at  IB"-"}.  Tlie  deviation  from  lloylc's  law 
becomes  less  and  Ivss  with  ri»f  in  t*!  in  ^le  rat  lire  also  in  the  case  of 
Vftibon  dioxide  nud  luetliane,  tus  will  be  seen  by  cousidting  the  curves 
for  these  gwes  ait  workoil  out  ity  Aniag-.a.' 

llydrogeD,  as  h»»  ulruadj-  bt'i-n  uivutiuttcd,  is  a  marked  excepUon. 
The  value  of  pv  increases  regidarl;  from  the  smallest  pressure  used 
up  to  the  largest ;  and  further,  the  curves  for  different  temperatures 
are  very  neaily  parallel,  stiowing  that  the  deviation  from  Hoyln's  law 
in  lliiseaseis  as  great  at  the  higher  as  at  the  lower  teui[)«'ratur«. 
The  questioa  as  to  the  applicability  of  Itoyle's  law  to  a^smt  under 
very  siiiall  pressure  has  aUo  been  studied  experimentally.  The  re- 
sults obtaiuMl  are  so  coiitlictin^;  that  it  i.i  iui  [)onsiblt*  to  decider  Ix-twevn 
them.  It,  however,  dcunis  quite  proIjal)le  lliat  tliere  is  no  latpj  devia- 
tion from  Htiyle's  law  shown  by  very  dilute  gases;  i.e.  where  the 
prcitsutt!  is  small  and  there  are  relatively  few  gas  particles  in  a 
givrn  s[Kwr. 

The  Law  of  Oay-Lusiae.  —  Itag&s  is  kept  under  constant  pressure 
d  its  t«nipoi-sture  raised,  the  voliiint^  will  increase.  If  the  volume 
is  kept  constant  as  the  tompi.-r!Lt\iro  rises,  tlie  pressure  will  increaae. 
The  remarkable  fact  haa  been  discovered  that  the  increativ  in  the  vol- 
ume of  a  gas  for  a  given  rise  in  temperature  is  a  constant,  independent 
of  the  nature  of  the  gas,  AH  gases  increase  about  j  }j  {=  0,00307) 
of  their  volume  at  0°  C.  for  every  rise  of  one  degree  in  temperature. 
<j3y-Liii»ac's  law  states  that  this  temperature  coeffioieut,  which  we 
irill  call  /;,  is  constant  for  all  gases.     Its  exact  value  is  O.003GG5. 

If  we  kei'p  tile  voIiiiiia  constant  and  warm  the  gas  to  (°,  the 
priisMure  P,  at  lliis  temjifrature,  is  calculated  from  the  pressure  p^ 
St  U",  as  follows :  — 

P=Ptt  (1+0.003666  I)- 

If,  nn  Ike  other  hand,  tlie  pressure  is  kept  constant  and  the  vol- 
ume allowed  to  incn^use  with  rise  in  temperature,  the  volume  at  t,  V, 
19  calculated  from  the  volume  at  (f,  ««,  thus :  — 

r=r„  (14-0.0036015  ()■ 
If  both  preBsnre  and  volume  are  allowed  to  change  when  tlw  gas 
bested,  the  pressure  and  volume  otftp  and  v,  are  calculated  from 
Uie  preesore  and  volume  at  0*  in  this  manoci:  — 

>  Lcc  at. 
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from  vliich, 


po  =  p,iD,(l  +0.003665  0 
ft  (1 +0.003665  0' 


This  is  th«  ex{ra«ssion  gimt^rally  emploj-ed  for  Kdiutng  a  gul 
vhat  are  tenn«<l  nurmul  conditiaus.  If  the  Toliuue  *.-  of  the  gat  a 
rewl  at  a  given  preKMin;,  p,  and  t«iiipenture,  r,  we  can  calculate  at 
(NMe  tti«  voliime  t^  at  0*  C.  aittl  nonnal  (Nresiiure  p,  which  is  taken  is 
700  mm.  of  nmeaij. 

Tlii^  valui;  ut  the  (constant  0.003665  is  determined  citlior  by  ke^^fiii^ 
the  |>iTssuro  ooastant  nod  measuring  the  increase  in  VDlniue  witli  riM 
in  lemperatun;,  or  bj  keeping  the  rolume  conirtant  and  meuHtirtng  tlw 
increase  in  ivressnrc  as  the  tpmperatai-e  rin^s.  The  valw»  fwtnd 
tJw  two  methods  diSer  only  sligbtl}-,  and  wc  take  0.()(>3665 1  as  • 
nearly  the  tme  ralue  of  the  tempenture  oocffieiont  of  a  gas. 

This  is  very  nearly  j^j,  which  means  that  if  a  gas  is  cooled  down 
to  —  273'  C.  its  volume  would  become  zero  if  the  law  of  tiay-Lossac 
held  down  to  the  limit  This  temperature,  termed  the  absolute  zero, 
has  now  been  nearly  realized  experimentally.  It  is  quite  certain  that 
temperatures  have  been  produced  which  are  within  twenty  degreesof 
this  point  It  is,  boweTer,  very  probable  that  the  laws  of  gas-pressuie 
vould  not  hold  at  these  extreme  limits. 

If  we  represent  temperature  aa  measured  from  the  absolute  seta  | 
by  T,  the  combined  expression  of  the  laws  of  Boyle  and  Gay-Lusne  ' 

We  usually  represent  ^^  by  R,  when  the  above  becomea, 

pv=ST. 

Deriatioiu  from  the  Law  of  Oay-Latsac. — There  arc  many  ex-] 
ocptions  to  the  Uw  of  (jny-Liissac  us  well  as  to  tlte  law  of  Boyle.  I 
The  coefficient  of  cxgiaiution  \'aties  considerably  frmu  one  gas  to] 
anotliLT,  and  varii^s  considerably  for  the  same  gas  under  different-! 
tempCTatnreM  and  pressures.  This  was  shown  very  clearly  by  th«j 
same  work  of  Amagat,'  in  which  the  exceptions  to  tlie  law  of  Boyle' 
were  studied.  The  effect  of  1mj!Ii  ti>ini>cniture  and  pr^s.^iire  on  the 
eoeflleient  of  fxpansinn  of  etbylt^io  i»  mcu  Id  tlic  following  taUS] 
of  resultu  taken  from  the  work  of  Amagat' 


'  Ann.  aUm.  Phyi.  [6],  9S.  363  (1881). 


•  nu..  p.  S63. 


GASES 
Ethylene 


47 


pMHru  » 

S0»-40» 

^o^-ao" 

eo°-80' 

ar_ioo° 

30 

oonsi 

0.0064 

0.0040 

0.0040 

BO 

amse 

COITB 

0.0OB7 

0,0007 

w 

ai)i2i 

0.0105 

0.01 3-J 

0.008S 

u» 

0.0079 

0.0108 

O.OIlil 

0.1)11)0 

190 

0.1X162 

o.oo;& 

0.00B6 

o.ootfa 

uo 

aoow 

0.0009 

O.«07tf 
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f       The  boriwntal  lines  show  the  variatian  in  tb«  coofficirat  of 
espaosiOD   with   change   in   temperature,   the   pressure   retnaiuing 

»cottBtaub  While  there  ia  do  sliarply  tlefined  law  in  this  toa- 
nection,  it  will  be  seen  from  the  results  that  the  coeflicient 
increases  with  the  temperature  up  to  a  certain  point,  ami  then 
begins  to  diminish.  At  bigbec  temperatures  the  coeSicieat  bo- 
oomes  still  less. 

»The  vertioal  eolumns,  boweTer,  bring  out  a  well-defiited  relation 
between  the  eoeffloient  of  expansion  at  a  defiuite  t«ii)peralure  and 
the  ptcttsim.  The  coefficient  increases  with  the  pn>.ssure  to  a 
tnaximum  and  then  decreaxes  regularly.  If  we  cxaininc'  tlic  oiin.'es 
for  ethylene  (Fig.  3),  we  will  »t«  that  the  maxiiiiuin  valu*;  of  the 

»0oe91<neut  of  expaiiaion  c^rreiipondH  t^loticly  bo  thu  pn>s!(urr  at  which 
the  value  of  jw  is  a  niinimnni.     As  the  temperaturv  iwrn  this  maxi- 
muni  lieoomeit  less  and  Ivss  shari>1y  dtfine*!,  just  as  tho  minimum 
I  for  pti  benoines  lesa  sharply  defincal. 

The  decrease  in  the  eoelBciont  of  expansion  with  rise  in  tfm- 
rpemtiiTO  beyond  a  certain  point  ia  also  shown  by  the  curves  in 
Fig.  3-    The  distanoe  between  th«  cur^-es  for  any  given  pressure 
beoomes  less  and  less  as  the  temperature  rises. 

The  appltrability  t>f  th<:  law  of  Guy-Lnssae  to  gnscs  under  very 
small  pressure  lias  been  studied  by  a  number  of  expiTimenters. 
The  work  of  Italy  and  Ramsay '  should,  howercr,  loccivw  s)>ecia] 
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notice.    Tb«y  worked  nith  a  number  of  gaaes,  from  «  few  millW 
metre's  pressure  down  to  a  verjr  smsJI  fmction  of  a  milUmcttv.    Iht 
preaBore  nsed  willi  bydrogBu  varied  from  4.7  mm.  to  0.077  !■». 
The  eoefficieDt  of  eximtstoD  at  the  hi^ier  prasniro  was  t;Vf    ^^ 
remained  praclicsllj'  constant  nntil  th?  pressure  was  diminiabed^H 
0.-1  mm.    When  still  further  diminished  the  cvefficieDl  of  expaadP 
deoreoMd  and  was  only  ^^^  at  a  pressure  of  0.077  mm.    Oxygen 
bebaveii  veiy  diffen-nlly  from  hydro^n.     Itscoefficieot  of  exjaaxioa 
at  5.1  mm.  is  ^-j,  which  is  larger  than  would  correspond  to  the  Uw 
of  Gay-Losaac.    It  increases  with  decrease  in  pressure,  bcinfc  ^ 
at  2.5  mm.,  and  at  0.07  mm.  it  is  about  f^g^-    ^*^^  nitrogm  we 
find  at  5.3  mm.  that  Uie  coefficient  of  expangioa  is  j^,  being  much 
leM  than  would  be  expected  from  the  law  of  Guy-Luitsac.    T^ti 
value  becomes  still  less  as  tlie  pressure  decreases,  beiu);  only  j^  at 
ft  pressure  of  0.8  mm. 

The  law  of  Gay-T.us£uc,  like  the  law  of  Boyle,  most  be  regarded 
as  >n  up]>roxiinatioa,  which  bolds  rigidly  only  under  special  eoo- 
ditioiu.  Tbi-re  are  many  rxoeptious  known  to  both  laws,  but  those 
aUtady  oonsidcrr^l  sufKc<^  to  show  the  genera]  character  of  the 
exceptions  most  frequently  met  with. 

The  Law  of  Avogadro.  — The  law  of  Avogadro  has  been  already 
referred  to  in  bounectioa  with  the  determination  of  the  molecular 
weights  of  va]>or!t.  It  will  be  recalled  that  the  Law  was  pro|M)»ed 
to  account  especially  for  the  simple  volume  ratios  in  which  Kases 
eombine,  aiM)  tltc  simple  ratios  between  the  rolamea  of  the  couMlitu- 
entti  and  tliose  of  the  produelA  formed.  The  law  is  usually  stated 
thus:  eqiul  volumes  of  all  gnne*  at  the  same  temperature  uul 
pressure  contain  the  same  number  of  ultimate  parts.  This  law 
OuiDot  be  proved  directly  by  experiment,  but  is  in  accord  with  so 
many  facts  that  it  is  very  probably  true.  Indeed,  it  hait  been  testad, 
indirectly,  in  su  many  directions  ihat  tt  is  now  given  a  place  among 
the  laws  of  nature.  It  is  true,  however,  that  it  does  not  Bcem  to 
hold  absolutely  in  some  cases.  Thus,  two  volumes  of  hydrogen  do 
not  combine  with  exactly  one  volume  of  oxyjtcti  to  form  u.-tter.  We 
must,  therefore,  assume  either  that  water  is  not  H^,  or  tliat  the 
taw  of  Av(^u!ro  does  not  hold  rigidly  in  this  i-a.sc.  The  latter 
ossnmption  is,  of  course,  by  far  the  most  probable,  and  is  tlierefora 
the  one  accepted. 

We  can  combine  the  thieo  laws  of  gas-pressure  in  one  exprcs^on,' 

■nnntmnnn;  Brr.  d.  rheat.  Gftell.  U.  1242  (IWl).  Vsn't  Hod;  Zt»cAr, 
pAyi.  OUm.  1, 101  0^?)<  ddenUflc  Heniuir  Svrii-s,  IK  p^  ». 
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juat  08  we  combined  the  two  laws,  thoae  of  Boyle  and  Ga;<Lussao, 
the  equation /Ts  ftT". 

Let  tis  deal  with  gram-molecuUir  w«ights'of  ea«e».  The  pressure 
exerted  by  a  gnun-raolecular  weight  of  a  gas  at  0°C.,  in  tiie  space  of 
a  litre,  U  about  2'iA  atmospiieres.     If  we  use  the  equation  — 


and  substitute  for  p„  tlie  above  pressure,  atid  for  v,  the  value  1,  w« 
have — 

22  4 

=  0.082  r. 

t'This  is  the  combined  expression  of  the  laws  of  Boyle,  Gay-Lussao, 

\  and  Arogadro. 

Appanat  Exoeptioiu  to  the  Law  of  Avogadro.  —  Tlicre  are  a  nuin- 
9r  of  substances  known  whicli,  for  a  time,  wei-e  lejianlui!  as  exce|K 
tions  to  the  law  of  Avogadro,  The  densiiies  uf  Uieir  rapors  wero 
smaller  than  would  be  ex]iected  fruiu  the  law  uf  Avugtiilro.  Among 
these  substances  are  ammonium  cliloridtf,  aiaiiioiiiiitn  vyanidv,  aniino- 
nium  sulphide,  aniniomiiiii  hydn>^iil]>liid<.',  |>liosp)i<>nis  petitaehloride, 
nud  ehloral  hyilmtt'.  It  ha.-',  howt-vev,  bct-n  ebuwii  that  tlicso  eom- 
poiinds  are  not  exocptii^ti.^  to  the  law  of  Avogadro,  but  agree  wry 

iwrll  with  it  The  very  stiudl  va[Kir-den8ities  arc  satis faclorily 
■x{>laiiH-d,  (14  will  be  scvn  when  we  como  to  deal  with  tliis  phase  of 
Dur  subject 


THE  KINETIC  THEORY  OF  GASES 


Th«  Kinetic  Theory.  —  We  have  con&idered  thus  far  the  lavs  to 

hich  the  pr*!S8ure  of  gases  oouforms,  and  have  found  that  ga.ies  i« 

general  obey  approximately  the    laws  ot   Boyle,  Qay-I.ussar,  and 

Avogadro.     The  question  has  ibua  far  not  Ifeeii  raised,  why  a  gas 

exerts  auy  piessore  at  all.     It  \s,  more  than  probable  Diat  the 

sura  exerted  by  all  gases  is  due  to  the  same  oause,  Kiuce  difTi-r- 

t  gases  obey  so  nearly  the  same  laws  of  pressure.     Further,  the 

lutiire  of  tho^!  laws  makes  it  highly  probable  that  the  stmcturc  of 

«  is  Comparatively  simplu,  and  the  nature  of  gas-pressnie,  nift- 

ibanically  considered,  not  very  complex. 

'  A  gram-mokcular  weight  U  the  moleculAr  wd^t  of  tbe  gu  in  grans. 
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Tli«  Uieory  vrliicli  has  been  jiropowd  to  aeoount  for  gu«-pre»«ure 
is  known  u  the  kintitic  tlieory.  Aceoniing  («  lliiit  Uiwfj,  Uie  {nrti- 
ole»  or  in<il«<!;il<>H  of  u  gas  ore  continually  moving  in  all  (lintctioiis 
in  alraiglit  lines;  tht;  vrluciljr  bdng  very  great,  and  mch  particle 
moving  inilejienitcnlly  of  all  oUii'rs.  Tht-se  particles  would  fri-qiicntly 
strike  one  anotlior  and  also  the  vrulls  of  the  containing  vessel,  and 
thus  the  pressure  of  gases  would  t>o  produced.  The  pressure  of  tin 
gas  on  the  walls  of  tfa«  coofiaing  vessel  is  then  dne  to  the  blowa  or 
impacts  of  the  gas  particles  against  these  walls. 

Deviations  from  the  Oa«  Lavs  explained  by  tlie  Kinetic  Tbieorj. 
Van  der  Wa&Is'  Equation.  —  We  have  Bt*n  that  the  laws  o(  gas-pr«s»- 
nre  are  only  apiniixiuiations  and  hold  only  under  very  special  con- 
ditions. We  will  now  examine  gases  in  the  light  of  the  kinetic 
theory  and  see  wlietht-i  any  explanation  of  the  exceptions  to  tlie  gas 
laws  con  he  found.  If  gas-pressure  is  due  to  the  impacts  of  tJie  ga* 
particles  against  the  walls  of  the  vessel,  the  space  in  which  these 
particles  move  is  evidently  not  the  whole  voltune  of  the  gas,  as  we 
hav«  thtut  far  nasumed,  hut  is  not  greater  tliau  the  volume  of  the  gas 
minus  the  spiu-e  occupied  by  the  parlii^les  thcmselvAs.  If  Uic  pteM- 
uru  is  siuall,  or  what  aniiwnls  to  the  imine  thing,  tlie  voluue  Urge, 
tliere  are  tt-liitivcly  few  pjirticlrs  in  u  lar.?e  sintce,  and  the  s|)ciee 
«ccu|.ie(i  by  the  particles  themselves  is  so  small  comjiarwl  with  the 
Kpoor*  Iw-tween  tJie  particles  that  it  is  negligibhr.  If  the  gas  is 
under  high  pressun;  there  atv  many  more  particles  in  a  given  vo!uin<>, 
and  tho  sjtaee  oceiipied  by  the  gaa  molecules  thcrawrlves  Ix-conies 
qoite  considerable.  Wo  have  seen  that  tho  gas  laws  hold  mneli 
more  closely  when  tho  gaa  is  dilute  or  under  small  pressure,  than 
when  the  pressure  is  great.  It  is,  therefore,  evident  that  we  must 
take  into  account  tho  sjtace  occupied  by  the  gas  molecules  themselves. 
We  must  introduce  into  the  equation  which  expresses  both  the  laws 
of  Boyle  and  <Jay-Lussac  (/n-  =  HT)  a  factor  for  the  volume  of  tho 
gas  molecules.  If  wo  call  this  factor,  which  ia  a  constant  for  every 
gas,  6,  the  above  equation  becomes  — 


Thertf  is  one  factor,  however,  which  is  still  not  taken  into  acoonttt.] 
The  a.-'-Miniptiim  is  made  that  the  particles  of  gas  do  nut  exert  tuiyl 
attra'tion  upon  one  another,  and  it  is  quite  certain  that  ^iieli  aaJ 
attraction  exists.     Van  der  Waals'  has  taken  this  into  aeoount,  aiidl 


'  Dlt  EonllnvU&t  dt$  gntfirmtntn  und  JIuttiytn  ZuitaniUt,  t.cfpzij^  1S31, 
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haA  modified  the  gas  eqoation  accordingly.    The  attraction  exerted 
by  the  gas  particles  ia  [iroportiotial  to  the  specific  attraction  a,  and 


Invenely  proportional  to  the  xquare  of  Uie  volume  v. 


This  term  ^ 


must  be  added  to  the  pressure  p,  since  the  attractiou  of  partinli^s  for 
each  other  baa  the  same  effect  as  subjecting  the  goa  to  aii  iiiei'ease  in 
pressure.     Van  der  Waals'  equation  is  then  — 


(p+^yv^b)=itT. 


This  eqnation  expluns  many  of  the  exceptions  shown  by  ga.ses  to 
the  simpler  laws  of  Boyle  and  (lay-Lussac.     If  the  preasure  is  small, 

4  becomes  negligible  because  of  the  large  value  of  v,  and  h  the  space 

oocapied  by  Uie  molecules  is  also  small.  The  gas  under  these  condi- 
tions would  be  more  likely  to  aocurd  with  the  simpler  expressions, 
and  HUoh  is  iu  general  the  fact,  with  perhaps  a  few  exceptions  at 
very  small  pressures,  and  here  experimental  i-rrors  are  large.  As  the 
IH«ssure  increases  the  two  correction  l^tniis  .-icquire  finite  \-alues,  but 
act  in  oppoait«  senses.  If  a  luis  a  large  valu«,  the  volume  is  appre> 
ciably  diminished,  and  pe  deereasirs,  us  is  shown  in  the  curves  for 
ethylene  ( I'ig.  S).  As  the  pressure  still  further  iocrcaacA,  a  becomes 
retativrly  Hninller  with  respect  to  p,  and  the  influence  of  b  begins  tO 
manifest  itiwlf.  The  gas  hocumcs  relatively  less  compressible,  or  pv 
increases  with  tho  prcssurp.  This  is  also  seen  in  the  eun,'es  foi 
ethylene.  The  two  correction  terms  have  the  same  value  at  a  presft- 
ure  of  from  40  to  100  m.  of  mercury  depending  uixm  Um  tem- 
perature, and  at  this  pressure  the  gas  obeys  the  simpler  expn-ssion 
of  Uoylc's  lavr. 

In  the  case  of  hydrogen  (Fig.  4),  the  value  of  pv  continually 
increases  with  the  pressure.  This  menus  that  the  value  of  the  con- 
stant a  is  so  small  that  it  is  mor»  than  connt4.'rbalanood  by  b  at  &U 
pmsures.  The  determination  of  the  valups  of  the  constants  o  and 
b  for  any  gas  is  cornparatively  simple.  Reference  only  can  be  given 
here  to  the  methods '  whicli  are  used.  The  exceptions  to  the  laws  of 
Boyle  and  Gay'Lussao,  which  were  pointed  out  when  the^  laws 
were  coiisiiliiped,  are,  tlicn,  fully  explained  by  means  of  the  kinetio 


of 


gases- 


>  OWwsld:  Itkrb.  d.  Altg.  dm.  I,  p.  233. 
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DENSITIES   AND  MOLECULAR  WEIGHTS   OF  GASES 

DoiuitiM  uid  Molwular  Weight*.  —  The  detotmioatiott  of  tlie 
relativv  densities  of  gasPs  consists  in  itet«Ti»iiiingtbe  relative  weiglila 
of  cqiiiil  volumes  of  leases  at  the  same  temperature  an<l  pressure. 
Siutre  equal  Volumes  of  gages  under  ibe  same  conditions  i^fnuiiii  an 
equal  ntunber  of  molecules,  the  deusitiea  staud  in  the  sAine  relation 
as  the  molecular  weights.  Thus,  by  rueana  of  Avogadro's  law  we 
can  determine  the  molecular  weigliia  of  aul»tane«fl  i>i  the  gas«ou) 
state. 

Some  substance  iniLtt  be  taken  as  tho  unit  In  drterminini^  tbe 
denaitjes  iu  gases.  Air  has  gencj-ally  bMti  selcetitd  ait  Ihtr  unit,  and 
the  iretgbts  of  equal  volumes  of  olhi^r  gsisfti,  at  thv  samfi  tetnpRnitnre 
and  pKusurc,  oomparvd  with  that  of  air.  llydrog«»  lias  also  been 
used  as  th«  unit,  and  is  to  be  preferred  to  air,  since  the  (-ompositioR 
of  the  latt«r  varies  slightly  from  time  to  time  and  from  pUice  to  place. 
The  density  of  air  is  14.37  times  the  donsi^  of  hydru^^^n,  and  since 
the  molcci\lar  weight  of  hydrogen  is  'i,  ve  must  multiply  the  density 
nrfCFTcd  to  air  as  the  unit  by  28.74,  to  obtain  the  moWalac  weight 
of  the  gas.  If  we  represent  the  molecular  weight  of  tfao  gaa  by  m, 
and  the  density  referred  to  air  as  the  unit  by  d, 

m  =  dx  28.74. 

In  this  way  the  molecular  weighta  of  gases  can  be  oalenlated  from 
their  densities. 

A  numlwr  of  methods  and  a  large  number  of  motUti cations  of 
mdhwls  hav(^  been  projKi^ed  for  determining  the  densitieii  of  gtut*. 
TIjc  more  iniport-uit  will  be  briefly  considered. 

Method  of  Dumas.  —  Tlu-  method  of  Duinaa'  cotitiixtj  in  deMp- 
mining  the  amount  of  suKsliince  which  in  the  form  of  vapor,  at  a 
given  tcrapeniture,  just  fills  a  fla.ik  whose  volume  is  afterwards 
determined.  The  flask  is  weighed  full  of  air.  Knowing  the  voltuoe 
of  the  flask,  we  know  the  weight  of  aii-  contained  in  it;  thcreforo  we 
know  the  weight  of  the  empty  flask.  The  wi>ight  of  the  flask  bi.'ing 
known,  and  tlte  weight  of  the  flask  ])lus  thi>  substance  which  just 
filled  it  with  vapor,  wc  know  the  weight  of  the  substance.  By  dete^ 
miniug  the  weights  of  tlie  vapors  of  different  substances  whioh  till  a 
flask  of  given  volume,  wo  have  the  relative  densitien  of  tha  viipon. 

The  apparatus  used  is  a  balloon  flask  (Pig.  5)  holding  from  lOQ 
lo  2.W  CO. 


>  .ilaH.  Chim.  Phiff.  [S],  «8.  337  (1836). 
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The  flask  is  carefully  dried  and  weit;b<>d,  Qsing  a»  a  tare  nnother 
:  of  very  nearly  the  same  si/*.     We  are  in  this  way  made  intU>- 
Bdent  of  llie  couditions  of  beuiperatuie,  moisture,  etc.,  umler  wliicJi 
^tbe  weighing  ix  made. 

A  few  griuiis  of  Uie  aubstan«o  whoHe  Tapor-denM^  is  to  b«  detcr- 
j  mined  are  introduced  into  th«  Husk,  the  neck  drawn  out  to  a  capillary, 
land  the  Bosk  plaocd  in  a  bath  which  is  at  least  ten  or  fifteen  de- 
grees above  the  boiling-point  of  tlio  siibsUiucc.  The  sub)ilunc« 
TAporixeSi  drives  out  the  air,  and  when  thi«  vapor  of  the  substance 
ceases  to  escape,  the  capillary  is  fused  shut.  The  dusk  after  coal- 
ing is  weighed.  The  lino  point  is  then  cut  off  under  mercury  and 
the  flask  filled  with  mercury.  The  flask  may  then  bo  weighed 
■gain,  or  the  mercury  poured  out  and  measured,  giving  the  volume 

■  of  the  flask.' 
The  method  of  Dumas  is  oot  as  well  adapted  to  higher  tempera- 
tures aa  other  methods  to  be  coq> 
sidered  later.  In  tlie  first  place,  it 
13  difficult  to  measure  high  tem- 
peratures accurately;  and,  further, 
the  amount  of  aubstanoe  contained 
in  the  bulb  at  high  temperatures 
is  so  small  that  relatively  large 
errors  result  from  this  source. 
Peville  and  Trooat'  liave  used  Ihis 

K method  at  fiiirly  hi);h  tt-inpt-ra- 
hii-es,  employing  pomelain  l>nll»onM, 
hut  their  results  are  not  very  accu- 
rate. The  method  of  ]>uin;us  can> 
not  be  used  with  even  a  fair  degree  of  accuracy  above  600*  to 

H       An  attempt  has  been  made  to  nse  the  Oiunas  method  under 
diminished  pressure.     Ilabermann*  has  so  arranged  the  bulb  tliat  a 
^low  pressure  can  l>c  maintained  constant,  and  ttie  pressure  ntad  Dn  a 
nanometer.     Larger  bulbs  are  required  for  work  under  dimiiiiNhe^l 
[pTossorei  and  even  then  the  tjtiaatity  of  substanco  is  so  small  lltat 
.considerable  errors  arc  introduced. 


Fid.  9. 


■  For  detalla  in  raTrjiiie  out  the  muthod  ami  calcuUUng  the  reaults.  ie« 
lohbawKb:  L*U/ad<itidir  PmHtrfMn  F9ii/nk,yi.aO.  UllU:  PmeHcal  Mrlhndt 
ffnrDtUrniiuimg  Mtilfular  Wtli/hU;  iniuslated  bj  JoDcsaud  Klog,  p.  40.  Al»o, 
[  Tranbe :  n^alMi$ei-r3iemUrke  Mrlhoden,  pp.  35-87. 

«  Ana.  Chin.  PSf*.  [3],  U.  2&1  (ISaO). 
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A  luge  number  of  modificatiooa  of  th«  method  of  Jfoiau  hwn 
bMn  proposed,'  but  that  of  UuDsen'  should  be  cspeciallj-  mentioiied. 
He  aaed  Uiree  vessels  of  the  same  volume  and  weight.  One  was 
einittjr,  one  was  filled  with  air  at «  giv«n  temperature  and  pressure, 
M»d  Ihe  third  waa  filled  with  the  vapor  at  the  same  temperature  aad 
|iftMur«.  If  we  represent  by  W,  the  weight  of  the  vessel  tilled  with 
tba  fapor,  by  IK,  Uie  weight  of  the  ressel  filled  with  air,  and  bf  tr, 
the  wcif[hl  of  Uie  vesiud  in  which  there  is  a  vacuum,  the  lelatiTe 
il«ti»iljr  of  the  vapor  and  air  m  expressed  thus :  — 


W.-W. 


1. 


w,-w. 


I 


After  TCweh  of  the  same  v<duiM  and  w«ght  have  onc«  been 
(irvilitirwl,  this  metliud  uf  procedure  is  more  convenient  and  fii 
lu'tn  rapiil  than  that  originally  described  by  l>iiQia3. 

TIm)  method  uf  DuniaH  is  used  leas  t<vday  than  it  was  fonneriy, 
Itttving  been  largely  Hupplaiited  by  brtti^r  melhuds,  esjiecially  at 
fleratAd  temperatures.  The  a])i>iiratiiH  uoed  in  tliis  method  U,  how- 
i-ver,  exceedingly  simple,  and  even  at  present  the  Dumas  method  it 
employed  in  certain  case«  where  tlie  preseuM  of  a  foreign  gas  in  tii« 
vafKir  ijiust  Ifp  a.v(iiiieil. 

The  Method  of  OayXoMao.  —  Thv  method  doviised  l^Guj-Luasae' 
for  determining  the  densities  of  vapors  is  based  upon  a  priitciple 
which  is  (juito  diScrent  from  that  which  we  liave  just  considered. 
In  thu  method  of  ihimas  the  va])i>r  retiuircd  to  til!  a  given  vduino 
traa  weighed.  In  the  method  of  Qay-Lussac  a  weighed  amount  of 
subsUnve  i«  converted  into  vajwr,  and  the  volume  of  tlte  vapot 
UMwnircd.  Thu  method  as  originally  projiost^d  by  Gay-Lussac  con- 
■bU  in  placing  a  known  weight  of  liiiuid  in  a  calihrated  vessel  over 
ntttrcary.  The  whole  is  then  warmed  unlil  the  li(|uid  is  vonrurted 
into  vapoT.  The  temperature  is  noted,  al»o  tlie  volume  of  the  vapor. 
The  latter  is  reduced  to  standard  ccinditlons,  »  oorn^ction  bi-ing  in- 
troduced for  the  tension  of  the  mercury  vapor.  This  method  baa 
been  ao  greatly  improved  that  the  original  is  no  longer  used.  ■ 

Hofmauit'i  Kodifloation  of  the  Gay-Ln««ao  Kethod.  —  The  modifi- 
catiun  of  Uie  Gay-Lusaac  ajiparalii.s  prnposixl  hv  tlofmanu*  consists 
ill  elongating  the  inner  tube  beyond  the  baromotric  height  so 

'  Ruff:  PoQj).  Ann.  iS.'24-l  (ll*3l).    Manliaml :  Joarn.  prakl.  Ckem.  > 
(HU8).     Vfctor  Meyer;  Ber.  d.  ehcm.  OrsrU.  IS,  399,  2U10  (1860). 
*  Ofomrt.  StttAodcn.  noond  oditlon,  p.  Iu4. 
*BEol:   Tralii,  I,  p.  SOI. 
«  Ber.  d.  tlitm.  Oc»tU.  1, 19S  (1868) ;  ft,  13M  (18T6}. 
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a  vncimm  will  «xist  in  tlic  tt^  of  t]i«  tttbo.    Tlw  sabstanco  is  intro- 
^duc:«l  into  the  tube  ovtrr  tbc  lucrctiry  tind  volatilized  under  ilimitiistied 
re.    Thp  itpparatus  is  shown  in  tbe  following  figure- 
The  calibrated  tube  A  roets  in  a 
aeicuTT  reservoir  if,  and   is  wore 
'Otui  7C  cm.  long.     It  is  fastened 
iiito   a  Tapor-jacket   J  iuto    wliieh 
vapor  enters  at  a,  and  leaves  at  b. 
m  is  a  bar  of  metal  terminal  in);  i» 
an  adjustable  ]M>iat,  which  is  brou);lit 
down  to  the  surface  of  the  merctiry ; 
the  fiitus-hain  attaclted  to  Uio  bar  at 
k   HiTTing   to   rt-ad    ninrv  uut^iiratvl}' 
the    bright  of   ihn    mercury    i«   Uie 
tubv  A. 

Alter  tlH-  substance  is  cwiivertisl 
into  vapor  the  volume  of  the  vajior 
is  read  and  reduced  to  standard  con- 
ditions. Knowing  the  weight  of  the 
substance  and  the  volume  of  vnpur, 
the  density  of  the  vapor  is  calculated 
at  once.  The  ad\'antage  of  the  inodi- 
ficatifm  proposed  by  llofmann  is  that 
the  substance  is  conrertod  into  vai>or 
at  a  temperature  below  its  boiliug- 
poiDt    under   atmtxiptieric    ]>re8aure. 

Tbus,  the  vapor-den siiy  of  many  substances  whicli  would  decompoae 
boiled  under  atmoopberio  pressure  can  be  determined.    Indeed, 
lufmann  deTised  this  method  exjiecially  for  use  witli  organie  sulv 
aces  whiob  would  e:isil_v  i1i'i-i'ih|>(rh-. 

nia  Oai  displacement  Hetbod  of  Victor  Ueyer  —  A  inelho<J  of 

etermtiting  vu])»r-dens)tics  was  devisttl  by  Victor  Meyer'  in  1878, 

rhipb  haai  ptnoticuilly  supplanted  all  other  incthixU,  exwpt  In  very 

ttciiil  eases.     The  method  consists  in  volatilizing  a  small  weighed 

tion  of  substance  in  a  tube  filled  with  air,  aud  collecting  and 

imsaring  the  volume  of  air  wbicb  is  displaced. 

The  apparatus  used  is  seen  in  Fig.  7,    The  inner  vessel  A  is 

liim>unded  by  a  glass  jacket  ./,  in  whicli  is  boiled  some  subetaaee 

rhich  n-ill  heat  ..'I  to  a  constant  teujierature,  and  at  the  same  time 

to  the  temperature  desired.    The   tube  A  is  closed  above  witlt  a 


tin.  0. 


>  Btr.  4.  eken.  Ctttll.  11,  1807,  S203  (1978). 
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Htu])iK!r,  and  from  the  ceotral  tube  a  side  tube  rutis  over  to,  and- 
under,  A  onlibfnted  tube  filled  irith  water  aiid  di[)]it»|T  iiiu>  n  water 
retMrrvuir.  The  HiibstaiiiM  Lo  l>o  uiied  hi  wei){lii*(t  in  a  wvi^hmg  tuiw 
vliicb  in  I'low^d  l«o«plj-  at  the  tap,  and  inlroduccd.  when  desired, 
into  the  top  of  A.  In  oarryini;  out  a  dntermiiiittion,  a  liquid  vMch 
liiis  ii  luK'tu'r  lM>iltng-]K>iiit  tbati  tlic  substance 
wliusi^  raiior-dengity  is  to  be  determined  ia 
]>liiood  in  tbo  oiit«r  javket.  This  liquid  is 
.  boiled,  aiid  a  part  of  the  air  in  the  inner  ve»ise! 

W  ■    1        is  driven  out,     \\'hcn  no  more  air  e8ca]>e3  fratn 

i  J  the  side-tube,  tJic  tube  containiDg  a  weighed 

■Jir-jl^ 1;^     -  amount  of  sulntaDeo  is  introduced  into  the 

n  top  of  A,  aa<l  rests  on  the  rod  r.  When 
§  temjjeiature  equilibrium  haa  been  perfecUy 
estabttsbed,  the  mouth  of  the  side-tube  is 
]i]af:ed  uuder  the  measuring  tuW  in  the  water 
tauk,  the  rod  r  dravu  back,  aiid  lite  small 
vesnel  coiit.-iiiting  a  weighed  amount  of  tlie 
substance  allowed  to  drop  to  the  bottom  of  A. 
The  !tiihatjini!u  volatilizes,  drives  out  the 
loosely  ruling  cork  from  the  wi^ighing  tube, 
and  tlion  duipla«rat  air  from  the  tube  A.  Tho 
diK}>laceil  air  i»  received  In  the  roewsuring 
tulie  /,  And  its  volume  is  equal  to  the  volume 
of  vajwr  form«d  in  the  tube  A  by  the  known 
weiglit  of  tlie  substance  introduced.  Wfl 
know  the  amount  of  substance  use4l,  also  the 
volume  of  tlm  uir  displnoed,  which  is  equal  to 
the  volume  of  vapor  formed ;  consequently 
tlie  density  of  tliv  vapor  of  tho  substauce. 

A  very  small  amount  of  substance  sufBoes 
for  <letorinininK  va^KiVKlensity  by  this  method, 
and  the  method  can  bo  usmI  at  very  high 
temperatures.  At  higher  temperatures  vesadt 
of  glass  cannot  of  course  be  employed,  but  porcelain  can  be  oaed- 
Iterlin  porcelain  can  be  employed  up  to  ICOC,  and  other  mon 
resiHtiuit  forma  of  jwrcelain '  can  be  used  up  to  1700',  or  jtcrhafa 
a  little  higher.  Platinum  vessels  can  be  used  up  to  1700°.  Tlieie 
is  no  material  known  which  enn  be  u«ed  alwvc  IROO°. 

Tlie  great  ud^iiutage  of  this  method,  in  addition  to  tke  small 


Fm.  7. 
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amount  of  aubstai)c«  toquired,  is  that  the  temperstiue  of  the  esperi- 
Dtcnt  does  not  need  to  be  known.  It  is  only  Decessanr  to  keep  the 
bempontture  constant  before  and  after  the  introduction  of  the  suh- 
stance.  The  gas<liaptiu;ement  method  in  so  far  suiierior  to  all  others 
at  bjgh  tt>niperaturea  that,  it  lina  pra<ticall}'  siipplauted  them  aU. 

It  is  not  iieceavary  La  fill  the  vesnttt  ^1  witti  air.  This  may  be 
repliu;ed  bjr  an  indifferMit  (pis,  in  kl-m;  the  oxvgcn  uf  tiie  air  wtMild  a<^t 
ehemir.iUr  iijKin  the  stiljstanci;  to  Ixi  viiiioriwrd.  ThiiM,  if  wi>  were 
d«t<!imining  the  vajior-dcnsity  of  arsvtiiv  or  sitlphiir,  oxym'ii  must  be 
excluded,  and  th«  vaporizing  vcssul  coiild  bv  tilled  with  nitrogen  or 
hjdrti^u.  If  the  \n\ii>r  of  magnesium  vx^  being  stitdii-d,  nitrogen 
could  not  te  UBC<1,  einoe  it  would  act  chemically  upon  th«  ini^esiuni. 

The  gas-displacement  method  o£  Victor  Jleycr  liaa  also  been  used 
under  diminishe<d  pressure,'  and  the  vapoi'-dcnsitiea  of  substances 
determine*!  considerably  below  their  boiUn[,'-|>ointa.  The  advantage 
of  increased  stability  of  the  substance  at  the  lower  tewpei-ature  has 
already  been  mentioned.  A  nuiiilier  of  modifications  of  Meyer's 
method  have  been  devised  for  working  at  dimiuisbed  presnurfs. 
La  Coftte*  places  the  whole  n[iparatuH  tiuder  diminished  pn'.».'«iire. 
LungA  and  Neuberg'  aW  work  at  kunu-ti  [nesKure,  .wliile  Traulx!* 
reads  the  volume  of  dtupliuted  air  nt  the  dimimshed  pressure  uf  the 
cxperimi'-nt.  Bleier'  devim-d  an  ingenious  iiuin"ini"l<^r  for  mi^iwuriiig 
uiiciiiatidy  rerj-  small  pre»)iurc6,  and  together  with  Kohn  di-tt>riniiied 
the  rnporKlensity  of  sulpluir  at  very  small  prcsstires. 

Kethod  of  BtULMn.  —  Hunsen*  has  devised  a  rough  nx-thoil  of 
determining  the  relatiiro  densities  of  gases.  Gases  under  the  stinit 
prcraure  pass  through  a  small  opening  with  velocities  which  nrc  in- 
Tcrwly  as  the  square  roots  of  their  densities.  The  method  couslgIs 
in  allowing  equal  volumes  of  different  gases  to  pass  through  a  very 
fine  hole  in  a  plstinimi  plate,  which  rovers  the  top  of  the  cylinder 
containing  the  gas,  and  noting  the  lime  required.  The  cylinder  is 
immersed  in  mercury,  whtoh  enters  from  below  as  the  gas  escapes  at 
the  top.  The  method  is  not  capable  of  any  very  great  refinement,  and 
the  results  obtained  by  means  of  it  aio  only  close  approximations. 


<  Btr.  iT.  (A«M-  <7m«U.  »,  Stl  (iBOn).     Qlrlcr :  il'maCtk.ta,  6OS.O00  (ISW)  ^ 

*  Ber.  J.  dim.  0«rfl.  18,  3ISS  (1886). 

*  Ibid.  M,  T2i>  <18&1).     See  Trsubc:    ngtUialiseh-cAemUekc  Jf<(Aocl>n, 
P.M. 

*  I'KyttJtttli»eA-themUthe  M'thodtJi,  p.  31. 

*  MoMoUh   10,  900  (IIWO). 

*  atuomtt.  UitJtod..  p.  100. 
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Of  Ute  meUiods  considered  for  determining  ihe  deiiNiUes  of 
tvport,  tliat  of  Meyer  is  by  far  the  most  generally  a)>[>liciible.  Tbo 
metltod  of  Gay-Lusaac  and  the  nxidification  proposed  by  Ilofman 
Are  Beldum  u»ed.  The  metliod  of  Dnmas  la  tiMd  at  prexent  only  io 
Bix-i-iiil  ciu'iri.  lo  «hii!:  ii^ffti'iic*  « ili  W  iiiaulc  in  <letei]  a  littl«  later. 

Benlta  of  Vapor-density  MeasnremenU.  —  Th«  rapor-dvniiitiea  of 
elcmniitary  gasvs  have  aliowti  many  inkivsttng  and  surpriBing  rela- 
ttODI  belvrceii  llie  niimWr  of  aUnns  contuincd  in  the  nioleculi?^  of 
thoM  •ubsl»ni.-«-it.  Tim  luolf  ciiliir  vri'ights  of  a  number  of  elementaiy 
gases,  calculitUd  from  their  densities,  show  that  the  molecule  is  made 
up  uf  two  atoms.  This  npplius  to  hydrogen,  oxygpn,  nitrogen,  ehl» 
tine,  broininc,  and  a  number  of  others.  The  vapor-densities  of  met- 
cuiy,  cadmiunt,  an<l  glucinnm  show  that  the  dio1i>cu1«  is  mouatoraii:^ 
or  that  the  molecule  and  atom  arc  identical.  On  the  other  hand,  the 
molecules  of  phosphorus,  sulphur,  etc.,  contain  more  than  two  atoms, 
if  Uie  temperature  to  which  they  are  heated  is  not  too  high. 

The  vapor-density,  aud,  therefore,  the  number  of  atoms  contained 
in  the  molecule,  varies  iu  some  cases  with  the  temperature.  Take 
the  case  of  sul[ihur.  The  Tapor^eosity  at  about  A00°  C.  gives  a 
molecular  weight  which  is  about  six  times  the  nloiuio  weight  of 
sulphur;  or,  in  a,  wont,  at  thiii  tetnj>e  rati  ire  the  moleculit  of  stdphut 
consists  of  kIs  atoms.  The  vapor-<lensity  of  »n1i>hur  at  ubunt  StHf 
shows  a  molifuliii'  weight  of  70,  and  at  nlHiut  1100°  of  approxi- 
mately 64.  The  inolfciilu  of  sulphur,  which  contains  six  atoms 
at  the  lower  temperature,  has  tiivrcfurv  broken  down  at  th«  higher 
temperature  into  three  molecules,  contmniug  two  atoms  each. 

SimiUr  results  were  obtflim-il  with  phosphorus.  At  500°  C,  there 
are  four  atoms  iu  the  inolcculc.  Tlic  vapor-density  bc-eotncs  eon- 
tinually  less  with  rise  in  tompcraturi;,  until  at  about  1700°  C.  tha 
molecule  of  phosphorus  contains  only  three  atoms. 

The  ca«e  of  iotline  i.«  especially  intci-estiiig.  At  teinperaturea 
from  200'  to  600°  the  molpcule  of  iodine  consists  of  two  atoms.  As 
the  temperature  rises,  V.  Meyer'  on  the  one  hand,  and  Crafts  and  P. 
Meier'  on  tlie  other,  found  that  ihe  va (tor-density  decreases,  and 
that  above  140f)'  the  density  is  only  about  one-half  the  value  at  the 
lower  temperature.  Above  1600*  it  is  <iiiit«  certain  lliat  the  va|K>r- 
density  of  itxline  would  remati)  constant,  since  at  tliis  tem]>eruturA 
the  atom  and  uiolecule  would  lie  identical,  and  no  further  dissoci- 
ation of  the  molecules  could  take  place. 


'  ttrr.  A  fhrm.  fJrttU-  1>.  SW.  1010  (IBHO). 

*  tbid  II.  U\  (1080).    Cimpt.  rtmL  OS,  iV  (I8!ll). 
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This  dissodftttoD  of  more  cnntplcx  iuto  simpler  inol«cules  is  not 
i-d  to  elementary  giucs.  Tbc  molecule  uf  iirsenioiis  oxide  from 
^-HMH'  is  sliown  by  its  vapor-dunaity  to  linv<i  the  eomposition 
IAs,0»  Ab  the  tem]>rratur«  rises,  the  vapor-dcnsity  becomes  less 
and  leas,  and  at  18()0*  it  eotTespoiids  to  the  simpli-r  formula  As/>^ 
Similarly,  yapor-density  methods  make  it  very  pruluble  that  the 
molecules  of  ferric  ehloride  and  alumiDium  chloride  correspond  to 
the  double  fonuula^  at  loirer  temperatures;  and  that  these  more 
complex  molecules  break  doun  into  the  simplest  molecules,  tVC'lj 
Hftiid  AlCl^  as  the  temperature  rises. 

B  Id  working  either  with  elementary  gaiies  or  with  the  vapors 
Bof  compounds  whifth  undergo  dissoeiatton,  the  metJiod  of  Pumaji  in 
Bgreatly  to  be  preferred  to  that  of  Itleyer,  sinc^  in  the  hitler  there  i<i 
"  always  present  a  considerable  quantity  of  some  foreigii  Riw,  which 
affects  the  amount  of  dissociation.  This  foreign  gas  dilutes  the  vajior 
whoso  density  i.t  being  determined,  and  it  i.<t  well  kiinu-n  lliat  this 

I  will  change  Uie  arommL  by  which  the  vapor  wilt  he  dtsitoi-iali'd.  This 
Cen>»nt«  for  l.Iie  <lilTerenee  between  ihe  results  obtaini'd  in  such  ciiscs 
(by  the  giw-displaceniiiit  mi'thnd  siul  the  tiii-lh'iii  of  I  Uitiui-'i. 
Abnomtal  Vapor4enaities.  Apparent  Exceptions  to  the  Law  of 
Avogadro.  — Tlic  vuiior-densities  of  the  elementary  substunei^  men- 
tioned above  slioweil  that  the  molecules  of  some  vapors  coutain  a 
numlier  of  atoms,  the  molecules  of  others  two  atoms,  while  iu  some 
vapors  at  low  t«mperatures,  and  in  others  at  higher  temperatures, 
^B  kbe  molecule  contains  one  atoiu,  or  the  molecular  weight  is  identical 
^K<with  the  atomic  weight.  In  the  case  of  no  elementary  substance, 
however,  was  the  molecular  weight  found  from  vapor-density  less 
than  the  atomic  weight  of  the  element,  and  in  none  of  the  com- 
pounds thus  far  mentioned  was  the  molecular  weight  leas  than  the 
^SUm  of  Ihe  atomic  weights  of  the  elements  entering  into  the  com- 
tpound.  fn  a  number  of  eases  the  molecular  weight  showed  that 
Itiie  molecule  of  the  cornpound  was  the  simplest  pos«ibie,  Ijnt  there 
Iwas  nothing  to  indioate  that  the  simplest  moleniile  had  in  any  ease 
Lbroken  down  into  ita  c«nslittii'utii.  We  must  now  turn  toanolhvr 
slass'of  phenomena.  The  inoleeular  wi-ights  nf  xuhst-incctt  like 
imoniuin  chloride,  phnxphoni.t  iientaehloride,  choral  hydrate,  t-te., 
Lealciilated  from  their  Tapor^cnsities,  were  less  than  the  suin  of  the 
Ffttomlc  wMghts  of  t.lieir  e<institucnt  dements.  Thus,  the  va|>or- 
I  density  of  ammonium  chloride,  corresponding  to  the  formula  NIl.t'l 
must  be  1,89,  while  liincau '  found  the  value  0.89.    The  vapor-density 


>  Aitti.  Oktm.  Phf*.  [3],  «a,  440  (1838). 
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of  )>lins[>boruR  itentachloride  of  the  fornmla  PClitnust  be  ".SO.  Ifeu> 
maun '  foiiud  by  the  uielliod  of  Dumas  at  182°  the  value  fi.08,  Thi* 
decreased  with  ri»e  in  temperature  u))  to  200',  wliere  it  became  cxuv 
itftnt  at  3.7.  Similar  results  were  found  by  Cahoura.*  A  nuiuber  of 
ottter  tixaiDi>le)i  similar  to  Uie  abore  v«re  known,  but  Uiese  auflioe  to 
illuittrate  Ui«  [loiut.  The  ex[ilanatiou  of  tliese  almorina]  results  wis 
not  furnished  at  onw,  and  for  a  time  the  !iy]i»theit)it  of  Avogudro  wt» 
rathiT  at  a  dts(x>uat  bvcausu  of  thvir  pxieti>ni%.  Tlic  vxiduDation, 
howL-viT,  has  been  ftirnixhed,  as  wv  shall  now  si;c,  ai>d  the  Law  of 
Avognilro  thoroughly  substantiated. 

Explaaatioo  of  tli«  Abnamal  Vapor-deoaitiss.  —  After  Devitle' 
had  shown  in  18o7  that  many  chemical  compounds  are  broken  down 
or  dissociated  by  heat,  it  occurred  to  Cannizzaro,*  Kopp,*  and  othem, 
that  the  abnormal  vapor-dcnsiiies  of  subataooes  like  aniraoutum 
chloride,  pboapbonis  peiitachloride,  etc.,  might  be  due  to  the  disso- 
ciation of  theae  Rubslanct^s  by  heat.  If  a  substance  like  amniouiam 
chloride  was  disaooiateil,  one  molecule  would  yield  one  molecule  of 
ammonia  and  one  of  hydrochloric  acid.  One  molecule  of  phosphorus 
pentachloride  would  break  down  into  one  molecule  of  phosphonu 
trichloride  and  one  molecule  of  chlorine.  If  sueh  a  dissociation  did 
take  place,  it  would  account  for  the  alnioruially  small  rapor-<li-n5itirs 
found,  since  thi;  snliHUinc<-s  in  the  form  of  va]jor  would  twcupy  a 
greater  space  Uiaii  if  th«ro  was  no  dissociation.  But  tliis  did  not 
prove  tliat  such  a  dissociation  actually  took  place.  How  could  tliis 
point  lie  tested  ? 

Take  the  case  of  ammonium  chloride ;  if  it  is  dissociated  by  beat, 
it  would  yield  ammonia  and  hydrochloric  acid  in  equivalent  quanti- 
tie*.  It  would,  however,  he  exccL-dingly  difficult,  if  not  impossible, 
U>  deti^ct  either  ammonia  or  hydrochloric  acid  when  the  two  gases 
wore  mixed  in  equivalent  quantities.  This  prol>lem  was  solved  bj 
Petml.*  IIo  made  use  of  the  different  rates  at  which  these  two  gaSM 
diffuse  to  separate  them,  in  part,  in  case  they  were  present  in  the 
^-apor  of  amntonium  chloride.  Tlie  apparatus  which  be  used  is  seen 
in  Pig.  8.  The  ainmonium  cldoride  <I,  rests  on  a  plug  of  asbestos  c, 
near  the  top  of  tim  inner  tube,  which  is  ojien  above.  A  stream  of 
liydtogea  is  passed  through  a  itit«  the  outer  i^rtof  the  apparatus, 


>  LM.  Ann.  S'lppl  B.  .I'll  (1867). 

»  Ann.  Chtm.  Phy>.  [3].  80,  373  (IftlJ). 

'  Compl.  Tfiul.  4E.  K'>7. 

'  Xuow  Cimrnto.  t.  428. 

•  Lifh.  Ann.  lOS.  390  (ISeS). 

^Ibid.  123.  leif  (1803). 
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[and  anotti«r  stream  throngli  6  into  the  inner  part  of  the  apparatns. 
ti«  whole  is  h«atv<l  nliove  the  liniliiii^- point  of  ammonium  <.-hloride;. 
'  the  suilt  i»  <iecomi)OS«<l  wlieii  it  volatilises, 
hf  ammonia  t>ciii]{  IiKltt<-r  tliati  tli«  hydro- 
ftekl  noiiltl  (lidiiMft  mori!  rapidly 
tho  pliijf  of  iisbi.'-jto*.  The  vajwr 
^n  Uus  inner  lube  Iwlow  the  plug  would 
Ithcn^fon  contain  an  oxcvsh  of  ammonia. 
fThiB  vajjor  is  swept  out  by  inciins  of  the 
Stream  of  hydrogen  gas,  and  m.-uk  lo  |)biw 
over  a  piece  of  moist  rod  litmus  paper  in 
the  vessel  B.  It  waa  found  that  this  was 
colored  blue,  proving  the  presence  of  on 

fexoees  of  ammonia. 
The  vapor  remaining  in  the  ianer  tube 
above  the  wad  of  asbestos  must  contain  an 
excess  of  hydrochloric  acid,  since  more 
ammonia  has  passed  through  llit-  aMtiestoa 
^alliau  hydrochloric  acid.    This  is  swept  out 

^■1)y  means  of  thi?  stream  of  hydrogen  in  the  outer  vessel,  and  passed 

^■lOver  a  piece  of  blue  litmus  in  tht.>  vessel  A.    This  tuniMl  red  at 

^  Ouce,  ftliowing  tlie  presence  of  free  hydrochloric  acid  iu  this  Ras. 

It  wwild  Ki«m,  then,  that  Pelial  had  demonstiatej  beyond  doubt 

tliat  Ihe  rapor  of  ainmonium  chloride  contains  both  free  ar^monia 

^and  free  hydrochloric  acid,  and,  therefore,  that  this  suhstance  is 

dissociated  by  heat. 

The  objection  was,  however, 
raised  to  the  ex|>eriment  of 
I'elial,  that  a  foreign  substance, 
asbestos,  had  been  used  in  con- 
tact with  the  vapor  of  ammonium 
cliloride,  and  tliat  this  might 
have  caused  the  vapot  to  dis- 
sociat«,  or  at  ]wwt  miitht  have 
faoiUtiitcil  the  bn-nkitiii  down 
"  of  th«  salt  by  boat.    Thisobjco 

tion,  while  appat«i)tly  having  but  little  foundation,  could  not  be 
ignored.     To  test  this  point  Than*  devised  the  following  appar- 
itus  (Fig.  9):   The  tube  AS,  in  which  the  ammonium  chloride  is 
ataiaed,  is  placed  horizontally,  and  the  septum  is  mode  out  of 


Pia.& 


1  LUb.  Ann.  Ul.  139  (1694). 
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auinionitim  chlorido.  Nitrogen  ia  passed  through  tho  tube,  tlic 
aminoiiitiin  chloride  d  heated  with  a  tamp,  and  tli«  rapora  in  the 
tnu  tiidvs  passed  over  colored  litmus,  as  in  the  experiment  of  i'obal. 
Thv  vmpor  in  the  side  next  to  the  ammouium  chloride  was  found  to 
contain  free  hydrochloric' acid,  and  freo  auiuionia  was  shown  to  be 
present  in  the  rapor  which  had  diSused  through  the  plug  of  am- 
monium chloride. 

It  is  tbiis  shown  beyond  quentinn  that  (he  vapor  of  animonium 
chlondu  is  broken  down,  in  part,  into  ammonis  ftnd  tiydrochloric 
acid,  hy  hfjit  ali>ne- 

Tha  work  of  Wonklyn  and  Itcbinson '  has  shown  that  phospliorus 
pontaeblorido  is  dissoetated  by  heat  into  the  trichloride  and  chlorine. 
The  pcntaehloridc  was  placed  in  a  short-necked  glass  flask,  in  which 
it  was  to  be  conrerted  into  vapor.  Over  the  neck  of  this  flask  a 
wider  glass  tube  was  placed,  so  tliat  the  two  were  separated  by  aa 
air-space.  Air  was  passed  in  through  the  <ip]>er  tube  and  escaped 
through  the  space  between  tlie  two  glass  tnbai.  If  the  vapor  of  the 
pentaehloride  was  dissociated  by  heat  int«  the  tricldoride  and  clilo- 
rine,  theae  would  diffuse  with  diffei-ent  vi-looitiea  into  the  upper 
portion  of  the  vessel,  sintw  they  have  different  Tapor-denaitiea. 
They  would  then  be  swept  out  by  the  current  of  air  iu  different 
quantities,  tlie  cblorine  l>eing  in  exceiLi  since  it  is  the  lighter,  and 
would,  therefore,  diffuse  more  rapidly  into  the  np]>er  portion  of  the 
vessel. 

Free  chlorine  was  piored  to  Iw  j>re8ent  in  the  vapors  which 
Cflca{)ed,  and  analysis  Bhc>wc<l  an  excess  of  phosphorus  trichloride 
rvmniniiig  in  the  fliiak.  Therefore,  the  phosiihorus  pentaohloride 
was  broken  down,  in  part  at  least,  bj'  bejit  into  its  constttuvnls. 
Tbi«  conclusion  was  confirmed  by  the  observation  that  as  the  rnpor 
of  phosphorus  pentaehloride  is  heated  higher  and  higher  it  becomes 
colored  more  deeply  greeuish  yellow,  —  the  character istic  color  of 
chlorine  itself. 

TIte  vapor  of  rhku-ii!  hydi-ate  — CCIjCOH .  11,0 — was  shown  by 
Wtlrtz'  to  contain  water-vapor.  Rehydrateil  potassium  oxalate 
absorbed  wat<;r  from  the  \'ni)«r  of  th'tH  Kidistance,  and  thus  diminr 
ished  its  va;>or-t*insion  very  considerably. 

It  was  thus  shown  that  the  compounds,  animonium  chloride, 
phosphorus  pentaehloride.  and  chloral  hydrate,  are  diasociated  by 
heat      The  abnormal   vapor-densities  ate    then  satiafacbnily  a^ 


»  0«Hpr.  rrift-  as,  wo ;  Journ.  pmkt.  Oimh,  M,  -IM  (1868). 
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eountod  for,  and  instead  of  Uiese  substascf^s  presenting  any  real  cs- 
oeptioDS  to  tli«  law  of  Avogadro,  thvy  furnish  n  beautiful  confirma- 
tioa  of  tio  law. 

The  same  osplanation  andoiibtedly  applies  to  other  substances 
vh0S6  vapor-d cos i ties  are  abnuntialiy  small.  They  are  more  or  less 
broken  down  by  heat  into  their  coustituents ;  the  siuount  of  the  dis- 
sociation increasing  with  the  temperature. 

SisRDciation  of  Tapora  dlminiBhed  by  an  Exoeia  of  One  of  the 
Products  of  Diuociation. —  A  diseuveiy  was  iiiadi*  in  (.'i>iiin-i>lirtii 
with  lh«  study  of  dlsaociatiug  vapors,  which  lias  proved  tu  Im  nf  Miu 
very  Iii){he!tt  im porta m^ri.  If  tliore  is  [irCHent  an  pxci-ss  of  ril!i.-r  of 
till!  procliicts  of  dis.toc^iiitioii,  the  amount  of  thi>  itulislttni'i*  iti'rutii- 
potwd  ia  leswaed.  Thus,  ammonium  chloride  is  leM  difisii():it<<!  if 
Uiero  is  present  an  excossof  citlicr  ammonia  or  hydroehloric  arid. 
Similarly,  pliosphorua  pcntachlorido  in  much  less  dwomjMstid  at  a 
gifpu  tcmp(^Rlturo  if  there  is  present  an  excess  of  cither  phosphorus 
trieliioTidc  or  chlorine,  as  Wurtz '  has  shown.  Indeed,  the  vapor  of 
phoeplioFua  pentachlorido  is  scarcely  dissociated  at  all  by  heat  in 
the  presence  of  an  atmosphere  of  phosphorus  trichloride,  or  of  chlo- 
rine, nio  vajjor-density  of  phosphorus  pentachloride  in  an  atmos- 
phere of  the  trichloride  wa-i  found  to  be  about  209,  while  the 
calculated  vapor-density  is  2t)8. 

This  ia  a  perfectly  general  principle,  ilhistratcd  by  phosphorus 
pentJicbloride  and  ammonium  ohloridr.  Tho  diMocialion  of  ruIv 
stances  in  general  hy  heat  is  driven  back  by  an  excess  of  any  one  of 
the  products  of  dissociation.  This  is  the  first  example  tlius  far  niot 
with  of  tlie  effect  of  mass  on  chemical  activity.  The  im|«>rlance  of 
the  action  of  mass  will  he  more  clearly  seen  as  the  subject  devclojis. 


srEciFrc  np.AT  op  gasks 

10  Heats  at  Constant  Pressure  and  at  Contta&t  Volune-  — 

amount  of  heat  required  to  pruliu-i^  a  gjiven  rise  in  temperatiiru 

in  equal  quantities  of  different  s.as.va,  under  the  same  conditions, 

varies  from  gas  to  ^s.     This  is  usually  expressed  by  saying  that 

ch  gas  has  its  own  didinito  capacity  for  heat.     If  we  represent  the 

aount  of  heat  added  by  d$,  and  tho  rise  in  temperature  by  lU,  the 

;  eapud^  e  is  expressed  thus :  — 

dt 


'  Compt.  rend.  7ft,  801. 


u 


THE  ELDMESTS  OF  PHTSICAL  CHESnSTRY 


Thfl  heat  capacities  of  Dnit  quantities  of  gustat  tun  U'Tiatti  tlioir 
specific  hcAts.  If  wb  represent  uuit  iua«3  hy  m,  tho  gptwiftc  hcnt  C 
U  expressed  tUus:  — 

Tfa«  tpecifie  heat  of  a  gas  has  been  found  to  vary  greatly  with 
the  prassure-.  If  the  gns  in  allowed  to  expand  aa  it  is  heated,  so 
that  Uie  [irfjittttT«  remains  constant,  it  hsa  a  definite  apecific  beat, 
vhii-h  is  Urinii-d  its  specific  heat  at  constant  pressure.  This  is  usn- 
ally  represeiilwl  hy  C^  If,  on  the  coiitraiy,  the  volume  of  Uio  gas 
is  kept  constant  us  the  temperature  rise»,  —  the  pressure  increasing, 
—  the  gas  has  s>  different  sjiecifie  heat.  This  is  termed  its  specific 
heat  at  eonslant  volume,  and  ia  usually  written  C^ 

Th«8c  two  Epccrifio  heats  for  the  same  gas  are  very  different,  as 
we  shall  see,  and  we  must  always  eaiefuUy  distinguish  between 
them, 

Itotcnnination  of  Specific  Heats  at  Constant  Preenre  and  at 
Constant  Volume. — The  gas  is  wanned  to  a  known  teui]keTature  and 
then  alSowed  to  flow  through  a  lube  smrounded  by  water  in  a  car»- 
fully  protected  calorimeter.  The  original  anil  final  tiun|«ratures  of 
the  gas  and  its  mass  being  known,  al^o  tlie  iiiasH,  s[>ecifi>:  heat,  and 
rise  in  the  temperature  of  t.ho  water,  we  have  the  data  necessary 
for  calculating  the  specific  lieut  of  llie  gait  under  eonslant  pressure. 
In  cnniKVltiiii  with  thft  sjienfic  heat  i>f  gaites  at  constant  pn'ssnre,  we 
shoulil  mention  e^peirially  thi;  oldi-r  work  of  Regnault*  and  the  mi 
recent  work  of  E.  Wiedemann.* 

Rcgnault  found  thnt  t)ie  sfiecific  heat  of  a  nunihrr  of  gnscs, 
as  oxygon,  hydrogen,  etc.,  was  a  constant,  independent  of  the  teib- 
perature,  whilo  the  specific  heat  of  carbon  dioxide  changed  very 
considerably  with  the  temperature.  That  the  specific  heat  of  gases 
is  somewhat  dependent  upon  the  temperature  has  been  sbo^q  by 
the  more  recent  work  of  I^e  Cbalelier'  and  others.  The  speeific 
heats  of  different  g^ses  tend  more  nearly  to  the  saute  value^  the 
low^T  the  tj-mpi-rature. 

A  fi'w  of  Ihe  results  of  Regnanlt  are  given  below.  These  are 
cnlcidnlcd,  nut  for  equal  amounts  nf  the  different  gases,  but  for 
quantities  which  hear  the  same  relation  to  one  another  as  the  moleo- 
iilar  weights.    These  are  known  as  "  molecular  heats." 


1 


>  Paris,  tms. 

*  fbifp.  A«n.  167.  I  (1876).    WM.  Ann. ».  l»  (1877). 

*  Compt.  rend.  91.  I)(I2  (1881).    Belbl :  mtd.  Ann.  U,  3M  (1890). 
phyi.  Ckem.  1,  JW  (1881). 
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WfeUdT 

UclAf(:t.Ah  It  BAT 

0«yB«n,  0, 

■    Oilorlne,  CIt 

^    Itydroclitoric  aciii,  BCl    . 
Carbon  (lio«iiii>,  CO» 
IljrdrogRn  xulphidr,  11)8   . 
C»rl»)n  Mmilpl)ld«,  CS,    . 

AeMone,C,ir,0          .... 
SUnnk  oliloTiile,  SnCU    . 

sa 

28 
3 

70.0 
86.6 
44.0 
Sl.O 

70.0 
7S.0 
7*.0 
W.0 
269.8 

0.OU 
«.83 
6.82 
8.fia 
«.08 
D.bS 
8.27 

n.03          ■ 
sa.23 

36.iO 
£1.39 

E.  WieileitJftiin  imprave*)  tlift  niethoi]  of  Kegnault  in  a  number  of 
m,y».  With  lea»  elnborate  aii|>.'kratiis  he  was  able  to  obtain  as  satis- 
betory  results  as  Refpinuh  lutd  ilonc  lu^tu-iwl  of  ustng  such  a  Ions 
tube  aud  large  Ciilorimi'ler  Uir<iii)^h  wliielt  the  gas  must  pass  to 
restore  tciuiieiature  «iviilibnuni,  ho  filled  the  tube  with  silver  turn- 
ings.' TliU  offered  a  larger  surface  to  the  gas,  and  temperature 
cquilibrtuin  wus  t^^stablisht^'t  in  a  miich  shorter  tube.  The  i«Hults 
of  \Vi  I'd  Mil  arm's  luvt-Jitifratioris  arc  quite  as  accurate  as  Kegnaull's, 
LIv  also  found  that  the  specific  heats  of  gases  are  somewhat  depend- 
vut  iijion  the  t^'inpi-Taturo. 

To  nii'asurv  direi-tly  the  specific  heats  of  ROsea  at  constant  rohimc, 
the  gas  must  be  phiccd  in  a  vessel  which  will  withstand  gn-at  prMw- 
lire  without  change  in  volume,  and  the  gm  and  vessel  must  bo 
heated  to  the  desired  teiuperatm-e.  The  gas  and  vessel  inuxt  then 
be  introduced  into  the  caloriiuet^'r.  A  moment's  reflection  will  show 
that  the  heat  given  out  by  the  vessel  will  be  muob  Kmnter  than  that 
by  the  gas,  and,  therefore,  all  exjieri mental  errors  will  iieciintulatu 
on  the  comparatively  small  (jiiantily  of  heat  gWfn  up  t'3  tiw  adorim- 
eter  by  the  gas  when  it  oooN.  For  this  n'ajioti  nnpurati*  measure- 
ments of  the  specific  heats  of  f^a^st  at  oimstant  vohime  are  impos- 
siUe.  It,  however,  has  l)een  found  tliat  the  speoitic  heat  at  constant 
volume  i.t  always  Ins  than  at  >'oii.%taiit  pressure. 

The  spi-cififl  Iieats  of  gas^s  nt  eonslant  volume  have,  however, 
been  calculated  from  U)o  specific  hvats  at  constant  pressure  by  the 


1  WM  Ann..  1ST.  I  (197^. 
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aid  of  thcrniodyntunii:^  [nsteait  of  u»iiig  siwctfic  beats  c«fernd  to 
equal  woighU  of  gasiTS,  inoK^'utur  hcaU  liiiv«  lx»;ti  employed,  ami  aa 
QOiisually  interfsting  and  itii{>ortaDt  rclutioi)  bt-twcvn  the  uoWiUat 
beats  at  constant  prvHsurv  and  tbu  molecular  heats  at  constant  rol- 
um?  has  boeo  discuvi-red.  Wv  will  now  follow  in  some  detail  the 
niethoil  hy  nhifh  tliis  rcliitioii  lijw)  Urcii  [wiiutwl  out. 

The  Mechanical  Theory  of  H«at  and  the  Hecbanioal  Eqaivalent 
of  Heat.  —  lJefoi«  aiUiujitiiig  t«  deduct  aiiy  ndaliim  IwtwL-^n  llie 
S[>ec)lic  hvat  ut  i'>)ii»t:iiil  iirettsurc  and  Hie  spnciJic  hrat  at  coastant 
Toluiue,  nc  should  i-ui»6  tliv  t}uosliou  as  to  why  ihcic  should  he  any 
diffeieuce  bvtwoca  Uiu  two;  and  further,  why  should  the  sjiecifio 
heat  at  constant  prcsmiie  be  greater  than  at  coDstant  volume  ? 

If  we  inquire  into  what  takes  place  when  a  gas  is  wanned,  on  tlie 
one  baiiil  at  coustaut  piej^siire,  and  on  the  other  at  constant  vottime, 
we  would  be  impressed  at  once  by  this  difference.  When  a  gM  is 
heated  at  ttoustaut  pressure,  it  ei^pauds,  occupying  a  larger  voltnne. 
In  expanding  it  must  drive  back  the  air,  or,  as  we  say,  do  work. 
Whi'ii  a  gta  in  heated  at  constant  volume  it  cannot  exinaitd,  and, 
thrrv^fore,  dui-.t  not  do  exlei-ual  work.  There  is  thus  a  tiiatkcd  dif- 
feronue  in  tJK^  oniditions  under  which  the  gas  is  warmed. 

If  heat  vivtv  consumed  iu  doiiiK  work,  tli^n  we  ooiild  understand 
why  the  amount  of  Imut  re^uii-ed  to  raise  the  teiu[»entui>:  of  a  gaa  a 
given  amount  was  greater  at  cnii^tant  pn'^Kure  Uian  at  constant 
volume.  And  since,  under  the  same  coiidi1iipn»,  a  g;is  always  gives 
out  the  same  amount  of  hi>at  whvn  eo«lrd  over  a  oertnin  range  io 
temperature,  as  was  required  to  raise  it  over  this  same  range  of  tent- 
peratme,  we  could  see  why  the  specific  heat  at  constant  pressore 
would  be  greater  than  the  specific  heat  at  constant  volume. 

As  is  well  known,  this  is  exactly  what  takes  place;  When  work 
is  done  by  an  expanding  gas,  heat  is  always  consumed.  Indeed,  a 
gas  can  be  made  to  cool  itself  very  considerably  by  simply  allowing 
it  to  expand  and  do  work.  We  have  then  a  qualitative  i>?talioii  Iw- 
tween  heat  and  work.  This  qualitative  relation  was  pointed  out  in 
1f!41  by  Julius  Robert  Mayer,  and  this  marks  the  bef^nning  uf  the 
tiiei^hanical  theory  of  heat  Mayer  went  much  fartliei  thju  tlie 
men*ly  qualitative  stage,  and  matle  it  probable  that  the  aiuoont  of 
heat  consumed  in  compreiising  a  gas  was  exactly  equivalent  to  tin 
amount  of  work  done.  He  thus  sliowed  that  heat  and  work  arc  of 
similar  naturo,  and  that  f'lrrf.,  or  what  we  now  call  fnvrijy,  is  as 
iDdcHlnii'tible  iw  matter. 

If  heat  tiiid  work  are  equivalent,  and  if  the  disappearance  of  a 
definite  amount  of  beat  means  the  produotioin  of  a  fixed  amount  of 


B^ 


work,  it  stiU  remains  to  determine  tb«  ralatitm  between  tlie  two — 
to  detenniDe  the  meekaMtcal  e^HivaieuC  of  heat. 

The  mechaaical  equiraleal  of  beat,  was  determined  with  unusual 
accuracy,  for  tJie  time  when  the  experiment  was  carried  out,  by 
Juiile.  He  coareit«d  a  known  amount  of  work  into  heat  by  friction, 
and  measured  the  amount  of  tieat  jiroduced.  According  to  Rowland 
tJii>  amount  of  lieat  rt^quired  to  raiite  one  gram  of  watei'  from  x^ero 
to  oiiu  degree  i»  equivalent  k>  about  42,550  gram-oeiitinielnAt  of  work. 

Wu  have  »ow  cxpT«!t36d,  in  the  mechanical  equivalent  of  hoat,  Uie 
quantitativu  rcliitiiHi  b<^lwrii  hisit  iitul  wurk. 

Batio  between  the  Specific  Heati  oalcnlated  from  the  first  law  of 
Therm odjrnamica.  —  It  vras  stiown  bv  Titi-  (-oniljimul  liibors  of  ilaver, 
Joule,  UeLuholtz,  and  others,  that  liutt  and  all  other  forms  of  «:nrrgy 
are  indestructible,  and  alao  cannot  be  created.  This  is  uniially  stated 
as  the  first  law  of  tbermodynamioa.  As  this  law  denies  the  possi- 
bility of  creating  energy,  it  shows  that  the  8o«alled  perpetual 
notion  of  the  first  class,  which  would  depend  upon  the  creation  of 
enerf^',  is  impossible. 

The  relation  between  the  specific  heat  of  a  gas  at  consiant 
prei«ur«  and  the  specific  heat  at  constant  volume,  can  be  calcuUtti'd 
at  once  from  the  first  law  of  thermodyuamita. 

If  we  have  •  sub«tance  ooiitainiiig  £  amount  of  energy  and  wa 
d  d$  oraonnt  of  heat,  the  diange  in  the  energy  of  tJie  boly,  dE, 
will  be  ojna]  to  the  amount  nf  hwil  addeil.  if  no  external  work  is 
douf.     If  'f  IK  external  work  is  done,  we  would  liave  the  following 

relation ;  — 

<l6=tiE-^aW.  (1) 

;ut  the  external  work,  dW,  is  equal  to  the  pressure,  p,  times  the 
liauge  in  volume  dtt,  supposing  the  piessurc  to  remain  constant : — 

<W  =  dS  +-  pdw.  (2) 

he  energy,  E,  will  be  dnalt  with  as  a  function  of  tJie  temperature 
id  volume — 

dK  r.^\ir +  ^dv. 

The  last  member  of  this  equation,  the  change  in  energy  with  tlio 

ige  in  volume,  .—dv,  is  equal  to  zero  for  gases;  since  the  inner 

(nergy  of  a  gas  does  not  change  with  change  in  volume,  when  no  ex- 
"^temal  work  is  done.    Equation  (2)  boeomes  Ummi  — 

^=j§.^T  +  pdtK  ^ 
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If  the  volume  is  oonataot^  dc  =  0. 


_^  =  ^.    Thoteim  ^ 
dT    dT  dT 

is  the  specific  heat  of  the  ga»  at  coiiHtaiit  rolume,  which  we  will  dow 

If  tjie  pressure  ia  constant,  ~  =  C.+p^.    But  ^is  the  specific 
heat  st  coustant  preaaure,  C^    Therefore,  — 


C,=  C,+p^ 


(*) 


Itcturtiing  to  tho  gonoral  equatioD  for  gas-preosure,  pv  =  RT,  we  see 
that  if  p  is  (wnstaiit,  pdo  =  ltd!'. 

Substituting  this  value  otpde  in  vquotiou  (-1),  we  obtain  — 


C,  =  C,+  R. 


(5) 


The  spocilic  heat  at  eonstant  pressure  is  equal  to  the  HiieciGe  luwt  at 
constant  volume  plus  the  gas-constant  If 

It  only  remains  to  determine  Che  valus  of  H  Id  heat  units  in  order 
to  calculate  the  specific  heat  at  conatant  volume  from  the  specific 
beat  at  constant  pressure.  The  equation  t',  —  C,  =  It  shovre  that 
the  work  done  in  expanding  under  constant  pressure,  for  a  lise  of 
one  deifree  in  temperature,  Is  Uie  same  for  all  gasee,  siDc«  /£  U  s 
oonatant  for  all  gases.     Let  us  deal  with  gram>moIecular  voighte, 

and  we  can  calculate  the  value  of  It  very  aiiaply,  since  R  =^^  »* 

we  have  seen.  A  gram-molecular  weight  of  a  f^as  under  a  pressure  of 
one  atmosphere  (70  cm.  of  llg  and  atfl')  occupies  a  volume  of  22,378 
CO.    Since  the  weight  of  an  atmosphere  is  1033.2  grams,  we  have— 


B  = 


aafffi  X  to:«.2 

273 


84,685. 


It  ia  equal  to  84,685  graui-centimvires  of  work.  We  know,  however, 
that  42,550  grain-C4,>iitiin«treii  of  work  are  equivalent  to  the  amonnt 
of  heat  required  in  raise  one  ^nun  of  water  from  0°  to  1*  C— to  one 
calorto.    Therefore,  — 

li  =  2  calories, 

or  more  exactly,  according  to  recent  detorminntions  of  tlw  mechani- 
cal equivalent  of  beat,  to  1.09  caloritii*.  This  applies  to  the  molecular 
heats  of  gases.  In  case  we  are  dcuHTig  with  unit  weights,  we  repre- 
sent tlie  specific  heat  at  constant  pressure  by  C,  and  the  specific  heat 


I  Tot  ■  taWet  dUcu»lon  soo  Oalwald  :  Lthrb.  d.  allg.  Chtn.  I,  284. 
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kt  constant  rolunifl  hj  C^    Tlio  Aboro  equation  for  molecnlnr  heals 


Dues  tllCD  — 


o.-c.=^> 


here  .V  is  the  moleciilar  weight  of  the  gas. 

Kcturcing  to  the  molecular  heaU  at  (xmiitant  pressure,  it  18  neoes- 
vy  to  subtract  2  from  theiu  to  obtaia  the  molecular  beats  at  eon- 
t  volume.    The  following  table  containa  the  moleciihir  h«its  of  a 
gases  at  constftitt  pressure  and  at  constant  volume.     lu  lite  last 
lumii  the  nttio  between  Uie  two  is  given. 


Oxygpsn 
Kitngen 


Jn«    . 
lyilmcMorie  acid 

utttnn  iIlnlMo  . 

JfJiur  <l'mx\de 

arbon  bniiOphidd 
Sthjlrnc  . 
If  Ui)  I  ttlmhol  . 

3ituro[<inu 

Etfaj'l  fcmtnide  . 

Itb;kn«  chloride 

hotiame     . 

Buuuiic  clitarMo 

Eltipr 

>il  at  aai*talae 


AT  OaHtT.tUT 


am 
e.8s 

6.6a 

0.88 
11.  »3 
11.31 
14.00 
18.71 
IP.M 
22.«T 
2.5.02 

36.10 
6&SD 


AT  ComnAUT 

Vi>i.ni»,  <• 


4,1MI 
4.B3 
4.S3 

am 
IM 
7M 
IM 
9.03 

e..ii 

I!.  DO 
16.71 

i:.«o 

SO.  (IT 

81. ca 

33.19 

S3.ri0 


Katio 

1.40 
1.41 

1.41 

i.ao 

1.2» 
1.43 

l.W 
I3fr 
l.SO 
I.3I 

i.m 

1.13 

1.11 

MO- 

loa 

1.08 
1.08 
1.03 


The  l&st  onliinin  in  tlii.'i  table  oontnint  the  most  intereeting  results. 

riiv  ratio  l»-tween  the  S]iec)ltn  beat.i  is  not  a  constant,  as  could  be 
lorcsilr.-n  fnmi  ihi'  ini-tlioi)  "f  r-ilciiI.tliiiK  tho  sjifidfic  beat  at  constant 
tolumv  from  tbf  sprcilic  h.-at  ;it  ronstaiit  |iri'*siiif.  The  ratio  ueces- 
Sftrily  dpcratum  as  tho  spccilic  hvats  of  thi;  Mtbslitnces  increaiie. 
It  should  be  not<riJ  that  the  siii-cififi  heats  of  comi>i)Uni]s  are,  i» 
eneral,  higher  thau  the  specitic  li«nts  of  tlic  elements ;  ami,  furlhcr, 
^hat  the  compounds  with  a  large  number  of  atoms  in  the  molecule 

have  a  greater  speciSe  heat  than  those  with  a  smaller  number.    Then 

re  exceptions  to  these  statements,  but  thej  are  in  general  tros. 
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The  spRcifio  In-iit  nt  constiint  volume  is  thiui  caloiilated  from  the 
itpix-ilir  livjiL  atooiimUiit  jireAsure,  and  the  ratio  of  tlie  two  ascertained 
in  tltis  way.  It  is  a  luatu^r  of  irutKircauoe  to  determine  tbe  ratio  be< 
tvreen  tliA  two  siMwifio  li<;ftts  directly  by  expt>riiuent.  This  ha^  been 
succi.'ssfntly  lu-i-oiiu'lisln'il. 

Doterminiaion  of  the  B«latiOQ  betweeu  the  Specific  Heats  of  a  Oti. 
—  A  number  of  methods  Imvv  bin-ii  suggMUHl  find  iiwd  lo  ili-U-nnine 
the  ratio  of  the  two  R|H'cific  Jicat-s  of  n  ga*.  hiil  of  tJiw*  only  one — 
tbe  best  and  most  eouvenicnt  of  them  all  —  will  1h'  considered. 
Reference'  is,  however,  given  to  othei'  modes  of  procedure, 

Dulong'  first  employed  the  voloeity  of  sound  in  the  gas  to  deter- 
mine the  ratio  between  its  specific  lic»ts. 

Instead  of  measuring  the  velocity  of  sound  ill  the  gas  directly, 
Kundt'  mea-tiiri'-t  the  ware-Ivn^tliM,  wliinli  arc  ]>n>[)ortii>it:d  to  the 
Telocity.  A  glass  rod,  with  one  end  tvriniuatinij  in  n  glass  tube 
filled  with  the  gas  to  Ixr  investigated,  is  mliVjfi!  alimg  i!s  length. 
The  gss  in  thu  tube  is  tlius  thrown  into  vibrati<ms,  and  it  rcmainD 
to  measure  the  w^vc- lengths  of  these  vibmtions.  For  this  purpose 
some  light  powder,  say  lyeojiodiiim  or  finely  divided  cork,  is  added 
to  the  tube.  The  powder  moves  from  the  points  of  disturbunee  to 
the  points  of  rest  in  the  gas  —  from  the  loops  to  the  nodes.  It  is 
then  only  necessary  to  measure  the  distance  bptwecn  two  loopa  or 
two  nodes  to  ascertain  the  length  of  tlio  wave  in  the  gas,  Since  the 
velocity  of  the  sound  is  proportional  to  the  wave-length,  we  know  at 
once  the  velocity  of  the  sound  in  the  gas, 

The  ratio  between  the  sfiociiic  heats  of  any  gas  is  determined  at 
onoe  from  the  relative  lengths  between  tlie  nodc.i  in  the  gaa  iu  qui^s- 
tion  and  in  air,  knowing  the  ratio  for  air.  Let  .Vbe  tlie  molei-.iilar 
wei);lit  of  the  ga-t,  /,  and  l^  the  distance  Ijetwecii  two  nodes  in  tbe 
gas  and  in  air  under  the  same  condition!i;  and  tbe  ratio  betweoii  th4 
Bpedlie  hciit^  of  air  ia  1.4.  The  ratio  betwi^cn  the  ^|>eeirtc  heat«  (^ 
the  gu  A*  is  obtained  Ihtis:  — 


I 


if  =1.1 


The  ratio  between  tbe  specific  heats  of  a  gas,  determined  by  tlto 
aeoiiscieal  method,  agrees  very  eloaely  with  that  calculated  from  ihi? 
first  law  of  ihermodynaiuica  for  a  liirge  nuwl>er  of  g.isea.     Hy  cxnm- 

■  l.xplaCF  :  .Vci-an.  CrleMf.  V,  HH.  Assmana  i  I^gg.  Aaii-  U,  I  (I8S2). 
MflDi-T!  Wl'^d.  Ann.  IS.  M  (1883). 

'  vtflj'.  rhiM.  PhvK  [2],  «.  113  (1920).   Pagg.  Ann.  IB.  <3S  (193B). 
•  Pwjj.  Am.  1B7.  4UT  (1800)  ;  Hi,  3:(T,  and  f.SI  (1&»). 
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ining  the  tsble  of  results  on  page  69,  it  will  b«  seen  that  the  riitio 
bi-tii'e«n  the  two  spccitic  hruta — tJio  one  dvtvnnmcd,  the  other  col- 
ciilat«d  —  docs  not  exceed  1.43. 

The  direct  detemiination  of  the  ratio  betwera  the  two  8peci6c 
heats  in  tie  case  of  mercury '  gives  a  considerably  higher  value. 
Ami  the  sarae  applies  to  argou  and  helium,  as  will  be  seen  belon- :  — 


I 


Uercurr 

Argoa 

lldium 


±1  CoWTAIlt 


AT  iiiystitian 


tU/OD 

Si 


1.6a 

1,CQ 


The  ratio  lietween  the  specific  heats  in  each  of  the  abore  cases 
U  not  only  Iiii^her  than  the  ratio  for  many  other  gaites,  as  previouitly 
calculated,  but  Iho  surprising  fact  conaes  out  that  th«  ralio  w  tliu 
•am«  for  all  time  elementit.  What  can  this  mean?  It  can  scarevly 
be  am  accidental  «jrT«t-ineiit. 

Wc  shiill  now  sec  thiit,  im  the  coiitrafy,  it  is  a  very  important 
fnct  and  tins  a  profound  signiliviinof,  thruwin^c  much  light  on  the 
inner  nature  of  the  molecule  itself. 

Ratio  between  the  Specific  Heats  «f  %  Gas  deduced  from  the 

Kinetic  Theory.  —  The  ratio  l)etweeu  the  spccitic  heats  of  a  gas  can 

be  calculau^  from  the  kinetic  theory  of  gases.'     We  have  already 

I  Been  that  the  <lifr<:rence  between  the  molecular  beat  at  constant 

[pressure  and  at  constant  volume  U  equal  to  the  gas-constaot  S,  and 

at  H  is  eqaal  to 


2T3 


fit  has  been  shon-n  from  the  kineti<;  theory  of  gnxes  that  thp  pressdn 
rtimes  the  Tolame  is  equal  to  two-thirds  the  kinetic  energy  of  the 


Therefore, 


,«,=|jir. 


1- 


w 


I  Knodi  au<l  WarbniiK:  Fogg.  Ann.  1ST.  ^GS  O^'^)- 

*  For  a  fulkr  diMuMdon  see  OatwalU ;  Lchrb.  d.  allg.  dum.  I,  SHI. 


72 


THR  ELEMENTS  OF  PHYSICAL  CIIEMISTRV 


The  entire  energy  in  tho  gas  {E)  i»  tlie  heat  refjuiMtl  to  warm 
it  from  absuluto  zero  to  the  t«inp«ruture  in  iiuestion  at  coostBDt 
Tuluiiie.  This  is  incivaSHi  bjr  the  heat  reiiinred  to  warm  the  gas 
frwin  (f  to  1'  by  j|,  of  E.  Hut  the  hi-at  reiiiiiiwl  lo  warm  the  gaa 
from  0"  U*  V  at  eouslant  volume  is  tlio  "iwiiiici  li<-al  at  coitataut 
voUiiiie  Cr  Thet«forc,  C,  =  ^it^'  Dividiiii;  Hum  value  of  C,  into 
e4[uation  (1),  we  have — 

C.~a_2K. 

c. 


:jjb' 


K_&(C,-C\ 
E    'A     C,    }• 


(3) 


Id  rase  the  total  energy  io  the  gas  U  the  kinetic  tatet^  of  the 
molecules,  A'=  E,  aud  we  would  have  — 

C.^^-  =  ?ior 
C.         S' 


%=l=^.m. 


\ 


J 


This  ratio  (1.666)  between  the  specifio  heat*  is  calcniated  on  the 
assumption  that  the  totiil  eiierg>-  in  the  gas  is  ki»i»tic,  or  that  there 
is  no  iutramolecular  energy-  This  value  of  the  ratio  is.  therefore, 
a  maximum  v.ilue.  If  we  examine  the  ratios  bet^'een  the  speoilic 
heatji  of  elementary  gases  alrcaily  given,  either  a:*  detenuined  directly 
by  the  acouatical  method  or  as  calculated,  we  shall  find  that  in  most 
ca^H  the  ratio  is  less  than  l.tiOR,  and  in  no  oa.ie  doe*  it  excety!  this 
value.     Yet  this  valne  is  reaolied  with  uit-n^ury,  argim,  and  helium. 

This  raiitcs  tJie  riupstiou  why  is  tlic  ratio  fonnd  cs  peri  mentally 
less  ill  most  cases  than  tlmt  cnlonlated  abovw,  and  why  is  the  calcu- 
lated value  realized  in  a  few  cases  ?  This  rjucHtion  has  apparently 
biM-u  ansv,-r:iid  (jnib;  satisfactorily. 

In  order  that  tho  entire  energy  in  tlie  gas  should  be  kinvtic,  it 
is  nccessatj-  that  the  molecules  of  the  gas  should  lie  maile  up  of  on* 
atom  each.  If  there  was  more  llian  oni'  atom  In  thn  mob-cule,  there 
woidd  bo  intramolecular  movement,  and  the  total  energy  in  the  gaa 
woidd  not  be  the  kinetic  energy  dne  to  the  movements  of  the  tnole- 
eulea  aa  a  whole,  hut  this  qnnntity  plus  the  iiitra molecular  energy 
of  the  gaa.  If  there  was  more  than  one  atom  in  the  molecule.  A' 
would  not  be  equal  to  E,  but  less  than  f.  Therefore  t~  ■'  would 
not  be  eqnal  to  two-Uiirds,  but  less  than  thia  qoaiitity.  Codso- 
quently  ^  <  1.6G& 


i 
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This  U  «xActl7  what  we  find  iii  moHt  elcmcntarj  gases.  Tits 
ratio  of  tlie  two  sjm-ilic  lic^iits  is  K-ss  Uiild  1.066,  aiid  wv  would  con- 
clude that  thcHC  ga»Ks  contain  tamv  than  ouc  atom  ia  the  molraule. 
'We  will  recall  that  thv  uiok-cdlar  wuightu  of  most  of  tlio  clenientaiy 
ie«,  as  <let^TtHin«d  by  the  dt-iisittcg  of  their  \'apors,  showed  tliat 
lere  was  wore  than  one  atom  in  the  molerule. 
The  conclnsioD  in  reference  to  meicur)',  argon,  and  helium  is 
int  from  wliat  was  xtateil  above.  Their  molecules  contaia  ou« 
eacli,  or  the  inoleeult!  and  atom  ai'e  identical. 
The  uoiicliisii>n  that  tlio  rntio  hetwivn  the  Hjiecifio  heuts  of  a 
being  I.OGi)  pdinls  to  nionatomio  moU-enleit  has  b«on  called  in 
tion  b}-»)mc  jihysicists,  on  purely  physical  grouiidi;.  A  number 
of  points  have  been  raised,  hut  pprhnpa  the  nrnst  important  objec- 
tion has  been  based  upon  tho  comparatively  complex  spectrum  shown 
even  by  mercury  vapor,  which  is  monatomic  in  terms  of  the  siiecific 
heat  ratio.  This  element  shows  a  number  of  lines  in  the  spectrum, 
and  it  has  been  claimed  that  no  monutoraic  molecule  could  give  out 
BO  many  ware-lengths  of  light 

While  it  is  erident  Uiat  this  objet-tiou  applies  if  the  ultimate 
atom  were  meant,  it«  force  is  not  so  clear  if  we  recall  that  what  we 
mean  by  the  chemical  atom  Is  Htmply  tiiat  unit  of  matter  whieli 
v«  hare  not  thiLS  far  been  able  to  break  down  or  sultdivide.  Itideed, 
an  we  have  seen,  the  inoHt,  probable  theory  ax  to  the  ultimate  nature 
of  matter  .ttates  that  what  we  inu.it  n-hiird  a.H  the  chemical  atom 
wu^t  be  enuriiii}u,-dy  cumplex,  and  in  all  probability  the  iitom.-t  of 
ivhat  to  us  arc  diffeieul  dements  are  simply  complexes  of  the  »ame 
.ultimate  "<^)rpuscU's," 

Wlintrver  weight  we  are  inclined  to  attach  to  these  objttctions 

roin  the  physical  side,  wo  nni6t  not  forgot  that  in  those  cases  where 

tatio  between  the  specific  heat«  points  to  nionatomic  molcenles, 

Tapor-deusity  method  also  shows  tliat  the  molecule  and  atom  aie 

dentical.    Tliis  }ias  been  verified  in  a  manner  which  can  leavv  oo 

fdnubt  in  the  caM>  of  tnirrcnr}-,  and  it  ia  almost  certain  that  tho  same 

iiiU  would  be  oUained  with  argon  and  belivun. 

The  Second  Law  of  Thermodynamics.  —  The  calculation  of  the 

Bpeci&c  heat  of  a  gas  at  constant  volume  from  the  specific  heat  at 

istant  pressnre  involves,  as  we  have  seen,  the  first  law  of  ther- 

lodynamics.    For  tlie  sake  of  future  reference  this  section  should 

ot  be  closed  without  a  brief  reference  to  the  second  law  of  llier- 

modynamics. 

The  first  law  of  thermodynamics  states  that  it  is  impossible  to 
create  energ}',  and,  therefore,  perpetual  motion  of  tliu  first  dass  is 
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inpossiblo.  Wa  niij^ht,  however,  conooive  of  a  uutehiite  vhich  coM 
convert  into  mccbaiiioal  work  ihm  heat  of  HiimMiniting  objects  at  the 
uame  tempcrnturc  a*  itnelf.  This  would  eviilmlly  1»  a  porpiitiial 
nioliuu;  but  Miiee  it  tlifFttrs  from  thv  fir.it  kind,  it  lioi  beeu  called 
ptTprtHiil  iDutioii  of  the  »it;<nid  kind.  Tli«  second  law  of  thcrmody- 
naini<tK  .itatvs  that  {icrjwtuul  motion  of  the  secotid  kind  is  im{K>KfiibIo. 
Ill  u  word,  hwit  cannot  fluw  from  a  iwld^r  to  a  warnier  IkmIjt, 

(iivfu  a  gas  of  volume  v  and  allow  it  to  expand  at  constant  t<?m- 
peraturo  to  a  Wumc  v,.  Tb»  luaximum  amount  of  work  obtainablo 
from  tbis  proc«B8  is  exactly  «<)ual  to  tho  work  rt-quinH)  to  compress 
the  same  amount  of  gon  from  volumv  t'l  to  roltune  v  at  constant 
t«Diperotar«.  This  can  easily  be  determiDed.  If  a-e  an  de«liog 
with  a  gram-molecular  weight  of  a  gas  with  a  rolumo  v,  and  com- 
press it  to  a  volume  v,  tlie  pressure  b^ingp,  the  work  done  is — 

•i 
f/rft. 


S' 


Bince^  =  ST,  the  work  done,  W,  is  expressed  thus:  — 


dp 


=rtC  ^ 

J      V 


=  RTt»% 

V 

The  maximum  amount  of  work  obtainable  from  a  gracn-molFcalar 
weight  of  a  gait  exj)anding  from  a  volume  v  to  a  volume  v,  is  girea 
by  l}i<-  above  equation,  since  tluH  is  erjnnl  to  Hie  work  rfqnired  to 
CuniprcKH  the  gas  under  tlie  ttaine  ounditioiis  from  the  volume  e,  U> 
volume  V.  On  cxainining  this  equation  we  »>e  that  the  maximum 
amount  of  work  obtainable  deiiends  only  on  the  relation  l)ctw(<<en  the 
Oi'igin;kl  and  final  volumes  o(  the  gas,  and  is  indi-jicndent  of  the 
absolute  values  of  eitli(>r.  Freijiieiit  applieations  of  ibis  deducttoD 
will  be  made,  especially  in  the  irhapter  on  vlcetr»x:hemistTy. 

TUB  SPECTRA  OF  GASES 

EmiBsion  Spectra  of  Oases.  —  When  a  gas  is  heated  to  a  sufficiently 
high  tempo  rat  lire,  it  sends  out  light  of  definite  ware-t  lengths.  Tbeae 
wave-lengths  were  recognized  by  Kirchhoff  nud  Buuscn '  to  be  d^ 


■  T»fi/.  Ann.  Xin.  I«0  (ISdO);  US,  S»T  (IMl). 
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yil^afa  the  chemical  nature  of  the  gas,  and  to  bo  oharacter- 

^r  it    TTpim  this  fact  is  bosetl  a  melhotl  of  chcmiciil  siiialysis, 

rliiitli  iiAa  prciveil  to  l>e  one  of  tbe  luost  convenient  mid  fruitful  in 

be  whole  lield  of  cheiuiatry.     It  \a  only  newssary  to  paas  Uie  light 

tim  M  higlily  he«te<]  gaa  LhroUKh  a  prism,  or  tbigw  it  upon  a  grating, 

rhen  it  will  be  refiacied  or  diffracted,  and  the  lines  cbaraeterisiio 

the  gas  wUI  appear.     lu  this  way  it  is  |>osaible  to  detect  thci 

M>nce  of  most  of  die  chemical  elements,    [f  the  element  is  a  Holid 

>r  liquid,  it  is  only  necessary  to  convert  it  iuto  a  gas  to  obtain  its 

liarat'ltTii'tic  lines.    This  is  easily  acoomplisbed  if  the  Itoiling-puint 

it  the  «lei»t!nL  is  not  too  high.     Those  elements  which  buil  only  at 

very  bljfb  temperatnres  are  converted  into  vapor  between  tlte  carbon 

'  polos  of  an  electric  are,  and  then  tlieir  spectra  examined. 

|ty  mfiius  of  iijic^'triiiii  »iiii!y.-iH,  then,  tli<!  liix-.i  which  arc  ch(iT> 
ctcriktic  of  the  eU-inentx  can  be  Ktmllcd,  and  thi-ir  wavu-U-ngths 
'^drtwrmined.  Having  mapjK'd  out  the  line*  which  are  chiiracteristic 
of  all  the  IcDOWD  clemcnt«,  wc  are  in  a  |i(>sition  to  detect  the  pn-scnco 
of  any  new  clement.  If  when  wc  examine  the  spcctrnm  <jf  a  sub- 
stance a  lino  appears  which  can  be  shown  nut  to  bclont;  to  any 
known  element,  we  conclude  th»t  wu  arc  di-idin^  with  a  now  substance, 

I^nd  then  proceed  to  separate  it  and  purity  it  by  chemical  methods. 
Aa  is  well  known,  many  of  our  ehemi<-^il  elements  wore  discovered 
by  means  of  spectrum  analysis.  Wc  need  mention  only  ciesium, 
rubidium,  thallitun,  indium,  and  gallium,  and  quite  recently  the 
tpectroacope  has  proved  of  incalculable  service  in  the  discovery  oE 
the  new  substances  in  the  atmosphere,  by  KainsiLy.  Spectrum 
analysis  has  now  reached  sneh  a  high  degree  of  perfection,  due 
especially  to  the  concave  grating  designed  by  Kowland,'  that  it  is 

■Certainly  the  moat  sensitive  means  at  our  disposal  for  detecting 
small  trac«8  of  substances.  In  examining  any  substance  to-day  for 
unknown  elcuenta,  or  in  testing  any  element  in  which  some  foreign 
^material  is  suspected,  resort  is  always  had,  whenever  possible,  to  tbe 
tpect  rtisiwi*. 

Abtorption  Spectra  of  Gases;  Law  of  Xirchboff. —  If  white 
light  i»  pansed  thruut;h  a  i,'as  ami  then  through  a  prism  or  thrown 
luiMU  a  gratiug,  it  is  seen  to  contain  <l:u'U  lines  exactly  In  tbe  places 
Foooupied  by  Uie  bright  lines  of  the  gas.  KirchhotT  ret^ognized  tbi» 
Ifaot  and  announced  his  law :  A  t/ait  afi/turlm  eMtdly  thf.  aame.  warn- 
^lentflhs  of  ii'jht  as,  ntulrr  the  aam*  cinuiiUim*,  it  otn  ittrl/  tmH.  Ttiia 
Jiwovery  was  of  great  importance  am  thruwing  li(;ht  ou  a  class  of 


>  PhU.  Hag.  le,  lUT  (1S83>. 
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I>l)iiii>ni<!t)a  lip  to  that  tiin«  not  iindcrNtood.  Fmuiihitfor  ha<l 
iJimwiTed  t!i^t  wlieii  siiiiliglil  is  i-t?fracu>d  unl  m-jAniU^I  into  jU 
ucilot's  iIk'  K]ii'(ttniin  In  iidI  conitiiunus,  but  U  miu'ki''!  \>y  a  I>iiy<;  niim- 
bor  of  dark  lim^  Ttiv  law  of  Kiii-liliolT  cxplaimnl  tlii;  i>ix.-!<pncv  cif 
then;  dark  liiivs.  Tlic  li^lit  i-iitiiiu);  from  tite  Htm  hiul  i>asscil  tJirotigh 
the  vapur*  of  wrt-aiii  rU'iin'iiLt,  lunl  the-  saiin'  wavt'-lviifrlhs  wliiili 
tbe».'  KiWBs  WHild  emit  hiul  \m-a  ali»wrb»(l  Uy  tlu-in.  !f  this  is  tniv, 
we  have  n  mt'iius  of  d«U,TDiiiiing  at  l<;:uit  sutiK-  of  thi-  clcinvnis  whi<-h 
exist  in  till!  KUD.  It  ia  only  itucM^siuy  to  find  out  with  wltat  vliar- 
Bcteristic  bright  lines  of  our  t(^n;-«tria1  elcinrntji  Ur-  dark  Iiik-s  in 
the  soUr  spectrum  coriespoiKl,  in  ortler  to  detcrniinv  whiHi  of  our 
eletUcDts  lue  present  in  the  sun.  In  this  way  a  large  number  of  l3n 
dark  lines  in  the  soUr  spectnim  hnvelxien  *' idi>ntiKeU."  as  it  isstnted; 
t.«,  sbowii  to  have  the  same  wave-lengths  aa  tlie  bright  lines  of 
knowu  eleuieiita.  We  can  now  state  that  about  half '  of  llie  known 
lerrestrial  elements  certainly  occur  in  the  ami,  and  about  eight  of 
the  reniaining  tenestrial  elemeDtct  may  occur  in  the  sun.  Among  the 
solar  ulementji  we  find  most  of  llie  nietaU  which  occur  on  the  earth. 

Siieotriim  analysis  has  not  been  content  wiLli  delerraining  tlie 
elements  which  occur  in  tlie  sun,  but  an  attempt  has  bt>en  inade  to 
deterniine  the  elemeuta  whieh  occur  in  dilTin-eiit  parts  of  the  sun. 
Wiirk  durinij  the  total  eclipse  of  the  sun,  or  by  spocially  devised 
methoila,  has  sbowrii  tliat  tlie  ehrotiuofikfifr  idways  contains  hyilro- 
gen.  titanium,  helium,  and  calcium,  and  frequMitly  conuiiiu  a  larjte 
nutul>er  of  other  elements.  Hiicli  B.t  KO<lium,  barium,  inm,  aiid  magne- 
sium. Similarly,  thu  siiivlrostwjw  liiw  bi-im  applied  to  th«  corotR 
during  a  tntal  eclip.Hc,  but  the  vomjiositiou  of  the  corona  is  still  in 
doubt. 

Thi-  spM'troscope  ha.-i  also  boen  applied  toth*  stars,  planets,  com- 
et*, moon,  orbulii^  pus.;  Init  for  the  results  obtained  reference  only 
cftn  b«  made  to  the  excellent  little  book  of  Landauer,  Die  iSpfctral- 
a  ««/'/."■■ 

Relations  between  the  Spectrum  Lines  of  the  Element*.  —  Ao  el»- 
mont  may  ^ve  out  light  of  a  few  wave-lengths,  or  of  many.  Some 
elements  arc  represented  by  comiiaratively  few  linea  in  the  spectrum, 
while  others  are  represented  by  a  iiuge  number  —  the  linea  of  iroB 
and  Hianium  may  numlxr  thousands.  We  will  look  first  for  retatioHS 
between  the  Uwa  of  the  same  element.    Since  light  is  reganlod  as  a 

■JuuKMi:   CompL  rtnd.n,o:i.     I.nclijcrr   /V«e,   ff(.$.  &V.  17,  01, 1IM,  ISS 
(1808).    Zminer:  Poys.  Ann.  138.33  (ieo»).    UugBuwi  Proe.  ff<.y..focW.i 
(1866). 
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wav&'motion  of  tlie  ether,  the  ditferent  Hpectnim  linci  Rorreflpoud  to 
diffen-iit  wave-leDfTllis.  It  would  seem  ptolnbte  that  tlie  tlifTercnt 
w-MVK-l<-ji!{tb.4  Kent  out  l>y  the  same  kind  of  .ilotus  or  luole^TuIe-K  wimld 
lieiir  sotiie  .liiuple  relation  to  one  another.  One  naturally  thinks  of 
th«!  WH%'is1(iu^h»  of  sovuid  Heut  ovit  I>y  a  vibrating  striiijj,  aiiil  n-ralls 
thv  >im[ih!  n^hitiioux  tM'twt^ii  them.  Relations  im  siitipli.-  us  thi-tto 
Imvo  nut  ix^i'ii  i)i»i:own:d  in  tlie  t\'i.'<o  of  light,  but  gi-iivritliitiittuiiis  i>f 
vMliie  have  lx;eu  r«ac;hi-d.  The  liist  al.ti-nipt  to  point  out  rrlnlions 
Iwtwi-vii  tb«  wave-lengths  of  tlie  vibrations  spnt  out  by  the  sanic  cle- 
ment w*s  made  by  Lecoq  de  HiiislKunlran.'  but  tin-  first  successful 
att«Dii>t  was  lunde  by  Halnifr.'  Hi?  showi-d  that  ttii-  wave-lengths  of 
tlio  first  spevtrum  of  hyilrogea  can  be  accurately  calc:ul3t«d  from  th« 
equation  — 


\  =  A 


}^^i' 


n  having  the  ralueii  H  to  lH,  and  A  the  valvie  3ri47.20. 

It  wa^  however,  Kayser  and  Ruiij^e,'  who  hrst  di^diiccd  any  gen- 
cnil  rtilaliou  which  obtained  for  a  number  of  this  cleuteuts.  Tlieir 
equation  is — 


i  =  A  +  C,r=  +  Cn-*, 


t taking  instead  of  the  wave-length  A,  its  reciprocal.  To  test  their  for- 
imla  they  redetermined  more  accurately  the  wave-ieni,'tha  of  the  lines 
Qf  zaauy  of  the  elements,  and  pointed  out,  the  existence  of  distinct 
atria  of  line>3.  In  the  s|>ectra  of  the  alkali  metals  they  found  three 
distinct  series  of  lines.  The  first  sent*,  known  as  the  Primary  Se- 
ries, occurring  only  with  tlie  alkalies,  was  very  brinht,  containing 
somH  of  the  slroui^st  lines  iji  the  whole  niiectrum,  aud  had  unequal 
difference*  in  period.  The  First  Svibordinat«  Series  was  composed  of 
ver^  bright  tinc«,  but  not  ho  bri|{ht  as  the  Primary  Series,  and  the 

Idiffen^ncos  in  period  were  einal.  The  Second  Siihorilitiate  Series 
sns  c<nni>oii«ed  of  weaker  lim%  and  tlie  diHereuces  in  [leciod  were 
Jilt;  n^latioTis  Ixttwevn  tho  linw  of  other  elements  wen*  not  aa  well 
defined  as  with  the  alkalies.  tV-rtain  elements  showed  the  existence 
of  weondary  series,  but,  in  gcm-ral,  as  we  puss  farlher  and  farther 
from  the  alkalies  in  the  Perio<Uc  System,  the  lelutiims  lx)twe«n  the 


*AblundL  UrrUa.  Akad.  ISfiS,  188©.  1880.  1891,  1892.  ISili    mfJ.Ann.ta, 
114  (UNU).     ttrilM  Ain.  Rfpvrt,  USHH,  p.  'iTll.     Chrm-  Zfitg.  18,  .'^3:3, 
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IiR«8  0f  any  element  become  Ic^t  (li.tlin«t.  For  furtlier details  id  this 
oonneGtiuti  refereDce  diuhI  In?  lisul  to  tlm  iirtfciiial  pagifni.' 

1%e  rtiatioiu  hettemi  thi:  iqHvtrum  liitr*  (if  tUffrrrat  rlemftU*  &n'.  of 
Krf-iitiT  iiitcrmt,  from  Uio  {iliyMicaJ-cbcniiea)  stamljiuinL  Lii>co<]  de 
lk>i»1uiiti)nui  *  ltioii);lit  hi;  luttl  discovered  Vr.rtaiu  relations  Wlvrtvn 
lli<!  spvrlni  ot  )MitJuMium,  rul)idiinn,  a»d  c»sitim,  and  0(>iii^iid«d  tliat 
itt  the  ntotnic  wi-iglit  iiicreiuM'S,  tin*  Kjir-ctTu  of  tlm  ulkalii-s  niid  iilk.v 
line  f.trths  ti-nd  tuorv  luid  iiioru  towurd  tlit;  ivd.  This  Uiu  ^i»cc  bctia 
sho«'n  by  AnHii'  iK>t  to  be  stnctljr  trac  in  the  cose  of  magnvsiuni, 
zinc,  wkI  t-admitim. 

Thir  work  of  Kaysvr  and  Rungo,  and  of  Uydberg,*  aru  Again  of 
chief  importance  iu  ctmneciion  xrith  th«  relations  betwmn  the  lia«B 
of  difTorcnt  elements.  Ktements  belonging  to  the  same  groups  of  the 
Mcndeli^lT  Tnklo  liavo  analogous  spectra.  It  has  already  been 
pointed  out  that  the  primary  series  of  lines  appears  otdy  vith  the 
alkali  metals.  The  6rst  tliree  groups  of  elements  have  Leeii  arranged 
in  thi- following  order  with  respect  to  relations  between  thvirspcctra:* — 

(1)  Li,  Nn,  K,  Rh,  Cs. 

(2)  Cn,  Ag. 

(3)  Mg.  Ca,  Sr. 

(4)  Z».  Cd,  Hg. 
(9)  Al,  In.  Th. 

Wilhin  these  groups  the  spectrum  tends  more  and  more  toward 
—the  red,  with  itifiieaaiiig  atomic  weight.  This  is  what  we  might  ex- 
pect, the  heavier  atom  vibrating  more  slowly  and  sending  out  fewer 
waves  in  a  given  time.  As  we  pass,  however,  from  one  grDui>  of 
these  etentenls  to  knottier,  tlie  tipecirum  tends  towaid  the  viotet,  with 
inemue  in  atomic  weight.  These  illations  must,  of  euurse,  l>ti  re- 
garded ax  only  first  appnixiniatiuns  to  any  general  truth,  and  when 
we  consider  tliat  some  elements  vihi-ate  in  thousands  of  [leriods,  or  at 
least  give  Uiouwtnd.t  of  linc.'i  in  the  si>ectriim,  it  will  pndiably  l)v  a 
long  time  lufoni  »ny  eoiiipi'i'hen»ivc  ^nt'ializilion  will  In!  rciiivhcd 
coDUGcting  luiything  likn  all  the  wave-lengths  sent  out  by  the  diffor^ 
ent  elements.  'J'hat  there  aro,  however,  ftnidainentitl  relations  be- 
tween tliciw  wave-lfrngths  uo  one  can  doubt. 

'BydberK:  Compt.  n-n-I.  110.3IM  (ISOO).    Ztwftr.  pfly«,C»m.  6.237  (IfiOOl- 

W(*d.  Ana.Vt.fi-1'i  y\m^):  U,  1111(1804).    lAiulauer:  DiicSeectnilttiuil<itt,^fii. 

"  C'omjri.  TviKf.  68.  tim, 

Thil.  M<i'j.%0,-Si(\my). 

*  Lot.  eiL 

*  Landincr  :  Die  Sjifrlralnttalgrt,  p.  69, 
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RELATIONS  BETWEEN  LIQUIDS  AND  GASES 

0«Denl  Properties  of  Liquids.  — -  The  prop<irties  of  U<]Hii1s  m 
8U<;li  tttv  sii  ihlTi-i'i-tit  rriiin  ihc  [m>]>ertieii  of  gases  llial  vf.  would 
suspect  Iittl«  or  iiu  conucoLJoii  lietwcen  these  two  sUUes  of  iif^gre- 
gattun.  Lifiuiilis  liave  Uiuir  own  (lefinile  volume^  whioli  lue  oiilj 
sligbtJy  chaiigttil  liy  cliuiige  in  oomliliixis.  The  vulinne  of  a  H<|utd 
IB  slightly  tlimiiiishitl  hy  iiiertyisi*  iii  prirssun',  ajiil  incmisi-d  by  rise 
in  U'lDpcratiuv ;  but  the  ckimge  ill  vitlior  ensn  is  small.  Aecord- 
ing  to  Amagat,*  the  cwflicient  of  comprt-ssioti  of  wat«r  vtiries  from 
0,000043  at  comparativwly  low  pressures  to  0.00(M)24  at  pri-ssuri'S 
in  tbfl  neighborhood  of  3000  atniosphi-rcs.  Thu  coniprfssiun  coetG- 
inent  of  mercaiy  is  only  about  0.O000O!J2  for  pressures  of  a  few 
atmoapberea. 

The  increase  in  the  volume  of  imter  with  increase  in  temperature 
i«  wen  in  the  few  reaulte  giveH  in  the  following  table,  wliich  is  taken 
from  the  work  of  Volkmanu.*    The  unit  is  water  at  +4*0. 


ExpAXAiox  OF  Water 


Tmi-umn 

VuLUHIC 

TkWKUTTU 

TOLUHS 

r 

1.000123 

40" 

1.00170 

r 

1  A*)tiiy^>i 

60° 

1.01187 

r 

l.DOOWi 

75» 

1.0357S 

8' 

1.0000.S1 

BO" 

1.03674 

MC 

l.OIM^ltl 

100° 

1.04323 

«P 

1.00I73I 

Similarly,  the  expansion  ooefBvient  of  tncrcui^'  varies  from  0.0001813 
at  0'  to  O.OOOISW  at  ;5G0\ 

I  Ompt.  rend.  lOS,  430  (18^;;  Joirn.  d«  Phft.  [3],  t,  107. 
»  Wint.  An».  14.  200  (1881). 
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If  we  recall  that  the  vohiiue  of  a  gas  dccrpaocs  with  Oms  )>ri«sur(i 
according  to  the  law  of  Boyle,  and  iucreases  with  the  tctnji«;i»>tiirfi 
accordiu};  to  the  law  of  Gay-Liissao,  we  will  sec  thv  nuirknl  difference 
between  the  p^Ktatcui^y  of  the  volume  of  a  gaa  aiid  that  of  u  liquid. 

Ttiu  [lartii^les  of  a  liquid  move  comparatively  froely  o^'cr  one 
ODothrx,  1ml  the  tesiatauce  to  movpincnt  ia  much  greater  here  than 
with  K.-Lse.t,  This  isi  usually  expros§ed  by  saying  that  Uw  inner 
friction  of  litiuiib  ifl  j^reater  than  that  of  gases. 

Lti]tiidB  in  general  ri>prciieiit  matter  in  a  much  more  oondeuaed 
form  than  gase^.  A  givfu  volume  of  a  lic|uid  when  couverlfid  into  a 
gas  occupies  many  tiinos  its  vuUiuie  in  the  liquid  state;  but  here, 
s^ain,  pressuru  must  Iw  token  iubn  account,  since  the  density  of  a 
gas  can  bo  greatly  incrensc-d  by  pressure  alono.  ITieae  are  some  of 
the  moat  striking  diffureuces  between  mattor  in  tli«  liquid  and  matter 
in  the  gaseous  state. 

If.  however,  we  examine  gases  and  liquids  more  closely,  wu  shall 
see  that  the  differences  are  mainly  differences  of  degree —  Uie  state 
of  ag'^ef^ation  depending  chietly  upon  temperature  and  pressure. 
That  there  are  dose  relations  between  the  gaseous  and  lii]uid  states 
ia  clearly  brought  out  by  a  study  of  the  transformation  of  gases  into 
liquids  ami  of  liquids  iiili-  u-ase.i. 

The  Liquefaction  of  Oaui. — The  problem  of  Uic  liquefaction  of 
gase»  early  attracted  attention.  It  was  very  easy  to  liquefy  some 
Sobstanocs,  while  others  n-iuntnitil  in  the  gaseous  state  even  at  quite 
low  temperatures.  Van  HtHlnnmt' distinguished  Ix-tween  those  sub- 
stanevs  which  cannot  lie  liqnelie<l  and  those  which  can,  by  calling 
the  fcirnier  "gases"  and  tjie  latter  "vapors." 

7'Ac  frst  rnMij  imjtortnnt  step  In  the  liqaefaeHon  of  ijaia-a  ttlueh 
OOncIcAse  only  of  vnnj  lou>  ItmiKraturea  we  mee  to  fitrm/iiv  (1823).  H« 
beBt«d  chlorine  hydrate  in  a  glass  tul)e,  one  end  of  which  was  kept 
eool,  and  obtained  chlorine  as  a  yellow  liquid.  This  was  followixl' 
by  the  liquefaction  of  a  number  of  other  gases,  sueh  as  .sulphurous 
acid,  hydrogen  sulphide,  carljoiiic  acid,  cyanogen,  ammoniH,  etc.  lu 
tbece  experiments,  Faraday  made  use  liolJi  of  high  pressure  and  low 
temperature,  —  the  two  conditions  which  nndcrlie  all  subsequent 
work. 

Hussy'  woiked  at  low  temperatures,  but  did  not  use  high  press* 
ures.  lie  liquelied  sulphurous  acid,  and  made  the  important  dis- 
covery that  when  this  liquid  was  allowed  to  evaporate  on  the  air,  a 

>  Kopp !  GttchKhtf  irr  CtirmU,  1,  r.  181. 

•  /*«.  TVwiM.  lis,  1811. 

•  Ann.  CMm.  Fhy».  tS],  S6.  03  (182*).    Fogg.  Ann.  1,  2S7  (WW). 
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muvh  lower  U>inj>erature  wait  produced.  This,  as  we  shall  see,  has 
|>rov<.-(1  to  be  of  fuiulaiiieutal  im|iortaiic<«  in  coRnw^on  witli  Xhv  Higue* 
fnvtioD  of  the  uioro  re»iataut  g^is^a.  Utilizing  thU  fact,  liuHKy  was 
able  to  liquefy  chlorine  and  amiuoiiia. 

Cirbo"  diitxidt  looir  li'imrfiat  in  Jairli)  Utnje  i/untililira  6y  T/iilorivr^ 
in  ltW4,  by  mcaus  of  a  iievr  apparutiis'  u-liich  lie  <ii'^'iBi'd  for  this 
purpose.  He  siudied  u  numlier  of  the  pbysiool  properties  uf  liquid 
carbon  dioxide, — its  vii{>or  presstire,  solubility,  etc., — and  then  turned 
hia  attention  to  the  proiliKition  of  low  temperatures  by  allowing  IJie 
liquid  to  volatilize.  Jty  means  of  a  spray  of  liquid  carbon  dioxide 
low  temperatures  could  be  reuelied:  but  by  niixiDg  liquid  carbon 
dioxide  and  liquid  ether,  |iowerfiiI  refrigerating  effects  could  Im  pi-o- 
duce<t.  Thiloher  not  ouly  liquelied,  but  succeeded  in  solidifying 
carbou  dioxide.  The  liquid  carlmn  dioxide  was  allowed  (o  expand, 
whca  a  part  volatilizeil,  and  in  doing  so  extracted  enough  heat  from 
the  remainder  to  convert  it  into  a  hoHiI.  When  the  solid  carbon  di- 
oxide is  inixe<l  with  ether,  a  powerful  refrigerant  is  produced,  which 
has  proved  to  be  of  (;reat  service  i»  obtaining  oompaiatiTely  low  tem- 
peratures. Temp^^r3tll^c!  of  from  —  !)«)' C  to  —  llO'C  can  be 
pTiMiueed  by  means  of  this  mixture,  whi^b  has  come  to  ho  known  as 
Tkitorier't  .ViJ*«re. 

/bmAijf  pvbtiahtd  Ike  reniiiU  of  hix  recond  niteinpt  to  liquef))  ynxra 
in  IW.V  The  incentive,  aa  he  says  himself,  waa  to  obuin  the 
so-called  "pennani'Ul  gasta"  in  liquid  or  solid  form.  He  worked 
with  higher  pressures  than  in  his  first  experinients,  and  al.io  tused 
lower  temperaturoa,  now  made  possible  by  the  discovery  of  Thiliv 
Tier's  mixture.  A  niiniber  of  gaaes  such  as  ethylene,  hydrobromic 
acid,  phosphine,  etc.,  Huo(>iimbed  to  this  treatment,  and  wore  ob- 
tained as  liquids.  A  niiniber  of  ga^s  were  also  Bolidified,  sticli  as 
hydriodie,  sulphurous,  and  hydrobromic  aeiils,  ammonia,  cyanogen, 
and  nitrons  oxide,  l-'^mday  did  not  aucoeed  in  liiiuefyinii  hydrogen, 
oxygen,  nitrogen,  carbon  monoxide,  or  nitric  oxide. 

yiUlerer'  devised  an  apparatus  for  ]ii-oduriog  very  high  piv-.ssures, 
and  then  attempted  to  liquefy  Uin  Ko-nttled  pcnnanenl  gases  — 
oxygen,  hydrogen,  etc.*  lie  siibjeetj'd  tliew  guaea  to  higher  and 
higher  pressures,  until  finally  a  prcssurtt  of  between  thwe  and  four 
Ihonsand  atniospberea  was  used.  At  the  same  time  he  used  the 
lowest  bomperature  which  he  C-ould  ol>tain  by  mixing  solid  earboa 

>  All,.  CMm.  ny*.  [31.  80.  427  (IKtr,). 

■  ittfc  Ann.  SO,  Mi  (l8-»).         »  Wfl.  Tnuu.  lU.  166  (181fi>. 

*  JoufB.  pnki.  Chm.  88.  I0«  (\H:,). 

*  Witn.  OfT.  t,  U1 ;  S,  C&7  and  GTO ;  U,  I». 
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dioxide  and  rlher.  ]  I«  waa  unsiiccnsful,  and  the  permanent  gases 
still  retuuint^  unliqupliHl. 

Ihiritig  tbe  next  thirty  years  (181^187S)  not  many  gases  wre 
added  to  the  lint  of  those  whiuh  h»<l  heoa  liqucticd.  The  eo-callcd 
" permanent  gases"  had  bafltcd  ali  attempts  to  liquefy  them,  and 
still  continued  to  do  so.  But  duriDg  this  period  tlM>  nature  of  gaaes 
was  studied  more  closely,  and  knowledge  aetiuii-ed  whidi  made 
posatble  the  subsequent  litiuefaetion  of  all  gases. 

Same  of  tin?  results  of  the  work  of  this  iieiiod  will  be  considered 
ID  more  detail  a,  little  later.  Suffice  it  to  say  here  that  it  was  shown 
tJial  fill'  every  gas  there  is  a  tem[:ienitiiT«  abore  whieh  it  caunot  be 
liqiii^i^l,  no  matter  how  greM  the  pressure  to  whieh  tt  is  subjected. 
Thi«  IK  ealled  the  critk-al  tem/*ra(MW  of  Ute  gaa. 

It  lOon  became  obvious,  tlieu,  that  every  gas  must  be  cuoled 
down  at  least  lo  its  critical  temperature,  before  it  can  be  converted 
into  a  lii|niti  by  pressure.  After  tills  fact  became  clearly  reoofniixr^i 
experimenters  saw  that  they  must  look  rather  to  tlie  fteourin);  of 
low  trill [>eratu res  than  of  high  pressures,  in  order  to  convert  the 
"  perinnneiit  k^^^  ''  '"to  liquids. 

/(  iCTH  niA  until  1817  tkttt  Cai'/lrtfl^  succeeded  io  liquefying 
oxygen  and  carbon  monoxide;  and  it  was  only  a  few  woiiks  later 
that  oxygen  waa  also  liquffiixl  by  I'iclet.*  The  incthinl  employed 
by  Cailleti't  consisted  in  subjecting  the  gas  to  a  fairly  high  (;HH) 
atmospheres)  presBuro  in  a  very  simple  apiMiratus,'  cooling  tlie  gas 
down  to  a  low  temperature  by  means  of  liquid  sulphurous  a«idi  and 
then  allowing  the  gas  to  suddenly  cxjKind  hy  releasing  the  pressure. 
In  addition  to  oxygen  and  carbon  monoxide,  Cailletet  sueeecded  also 
in  liquefying  nitrogen  and  air,  but  the  experiments  with  hydrogeu 
were  not  as  satisfactory,  although  it  ia  stated  that  a  mist  was 
seen  in  the  tube  containing  the  hydrogen,  when  tin  pressure  waa 
removed.  The  experiments  of  I'ictet  *  cannot  be  deaeribed  in  detail. 
He  succeeded  in  liquefying  oxygen,  as  has  been  stated,  and  prob- 
ably hydrogen  also,  and,  indeed,  may  have  obtained  a  little  solid 
liydrogen. 

n'e  now  come  to  (he  «'n/  imfvitinnt  and  miccfBt/iil  tmrk  nf  (Ae 
Itufsiaug,  W)'vblen->iJii  and  Oltzi-irKkL'  Their  metho<]  vonststK  in 
subjecting  the  gas  ti>  be  liquefied  to  considcmblo  pressure,  but  at 
the  same  time  cooling  it  down  lo  a  very  low  trmjH,TatuT».    Tlie  low 

'  CfiMp'-  "n-t.  ti,  1217  (1877).         <  Ibi'I.  W.  13».  1220  (187T). 
'  Anil.  Chim.  Phv9.  [6J,  IB.  133  (1878). 
•Birf.  [6],  11.  HE  (1878). 
*»V«<t,  ^Inu.  BQ.  2»(ie«3). 
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^^^^M                                        1  ll|l  III                  ^ 

^B    temperature  is  secured  by  causing  a  liquid  with  low  b<iiling-{Kiint 
^m    to  boil  under  diiniiiisbed  pressure.    Thus,  in  the  liquiifaction  of 
^m    oxygen  a  Wuiperaturc  of  —  130°   was  secured  by  boiling  liquid 
^M   ethylene  under  diminished  {>reH.sure.    The  oxygen  was  Uien  lique- 
^V    lied  at  a  ]<tesauro  not  nutfh  ubove  twenty  atiniKijiherc.t.     8itiiikv]y, 
^M     when  nitrij^on  was  inxileil  lo  a  very  tiiw  ItiinjitTaliin-,  Niibjeutcd  to 
H    a  jiressuTO  of  160  atiuoHpliet^s,  itn<i  jiart  of  the  prexsure  n-lcTamd, 
^1    it  irn»  ubtuinei)  as  a  Hquii). 

^M          In  I8M  Wrolilcwslci '  liquefitd  hydrogen,  using  liquid  oxygen 
^M    uiKlt^r  ilimtiiishi'd  ]>rr^s\ir«!  as  the  refrigerating  agent.     He  assigned 
^m    the  following  boiling-points  to  four  of  the  more  common  gnws : — 

r»win  u 

BoiLDia.Kan'                ^^^| 

^1    OxygcQ      .... 
H    Mirogcii    .... 

^B    Carton  Monoxiile 

1  KlinoGphent 
1  aliu'sphvro 
1  atmoHpheru 
1  aliDoejihcrc 

-  ISt^.O  C.                        I 

-  IM'.S  C.                 ^H 

-  1{>3>.a  C.                ^^H 

-  180°0  a                  ^^ 

^^         When  these  liquids  were  boiled  under  diminished  pressure,  a 
tcnipvnituriB  somewhat   lower  than   —21)0*  (.',  could   be  obtained. 
H      Olszrwslci  ni«de  use  of  the  low  ti;nipi.-ntturu  obtained  in  this  way 
"     to  liqiK'fy  hydrogen.'    The  gas  was  subjected  to  a  pressure  of  nearly 
tiro  hundred  atmospheres,  and  roolcd  as  low  as  iMSsible  by  boiling 
oxygi'u  under  a  pressure  of  a  ft-w  iitillinictres  of  mercury.    He  was 
^^     not  able  to  obtain  any  quantity  of  li<iuid  hydrogen. 
^m         Olszewski  solidtticd  a  number  of  the  very  low.boiling  liquids. 
^^    Liquid  carbon  monoxide,*  which  boiled  at  —190°,  was  evaporated 
1          under  diminished  pressure.    The  temperature  sank  t*>  —211°,  and  a 
^B    part  of  the  liquid  sollditied.     ^'itrogen*  was  solidified  in  a  similar 
^M    manner  at  a  temperature  of  —^11'.     Solid  uitrogen,  when  Iwiled 
^B    under  diminished  pressure,  produced  a  tenijieraturoof  —225".   Liquid 
^B    air  evapor.iied  umler  low  premnre  gave  —  220°.    OlnKew^ki  fmmd  lli«     ^^1 
^B    bolliiig-jKiint  of  oxygen  to  be  —  18IM,  of  nitrogen   —  104°.4,  and     ^^M 
^1    of  carlxHi  monoxide  —190°.     In  1891  he  maile  another  attempt  tO            ■ 
^B    liqnufy  liydn>).:en,*  u^ing  liquid  iiir  ami  liquid  oxygi<it  as  the  re-            ■ 
^t     frigerant?.     While  not  suefssfiil   to  any  marked  extent,  he  waa      ^J 
able  to  fix  the  boiling-point  of  hydrugim  at  about  —  243°.o.                     ^^H 

H          >  CotapL  ffail.  M.  U9  (I8SI).                            >  IhiJ.  90.  TOO  (IBM).              ^H 

^B        *nid.  9$,  SM,  VIS  (if»i).                         </U(i.ioo,  360(isaA).         ^^H 

^ft^                                  *  mi.  Mag.  [QJ,  3t,  188  (18U).                                         ^^| 
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Tie  experimenU  of  Deiear '  contributed  mnoh  to  our  knowledge 
of  low-boiling  liquids.  He  deviacd  an  apparatus*  foi-  HqncfytiLg 
such  gimea  08  OKjrgen,  nitrogen,  etc.,  on  a  coniparatively  large  scale, 
snil  iu  lS%t  ttolidificd  air.*  Dewju  greatly  facilitated  the  work  with 
t]M!8o  lon-lxiiliriK  liquids,  by  devising  double-walled  bulbe  and  t«8t- 
tuben,*  and  jniinpinK  out  the  air  between  the  two  walls.  In  this 
"viM:uiim-jiu;ki.<li*d  "  :ip|iarutua  theite  liquids  cvaparat«  comparatirelj 
slowly  and  PooM  be  presoired  for  a  relatively  long  time. 

At  this  time  the  problem  of  Hijuefying  gases  was  solved  by  a 
new  method,  which  made  it  possiU"  to  liijuofy  such  gnses  as  the 
air  on  a  eommcrcial  acalo.  Hitherto,  the  gas  hiul  t>c<en  cooled 
(^icfly  by  evaporating  some  low-boiting  liquid  under  diminishod 
pressure,  but  plainly  this  was  not  economical.  The  tiiuU  cooling 
of  the  gas  was  effected  by  aliowiug  it  to  expand.  The  methods 
of  liquefying  ait  used  by  Lhide,  and  alao  Ay  Hampton  and  TrijJer, 
an  OfpareTitt)/  baatd  upon  esaeutiall-f  the  snine  pritidjjle.  The  gas 
is  compressed,  and  the  heat  which  is  liberattM]  removed.  The  gas  is 
then  allowed  to  expand,  usually  through  a  small  opening,  and  thus 
its  temperature  lowered.  This  cold  gas  is  then  allowed  to  cool  more 
of  the  compressed  gas,  and  finally  some  of  the  latter  is  obtained  in 
liquid  form. 

Qtiile  ivceulta  tome  extnmtii/  MerfMnif  r^utl*  ham  IfM^fi  of/taimid 
(n  counwlion  rcith  the  Uqutifitrlian  uf  the  most  jvjniifcnt  ynttrs.  Ar^n 
vas  liquefied  by  Otititewski'  in  Wiii,  using  liquid  oxygon  as  tins  ns 
frigerating  agent.  It  Iwili'd  at  -  18"'  and  froito  at  -lOJ'-  He 
also  attempted  to  liquefy  helinni,"  using  at  first  liquid  oxygen,  and 
then  liquid  air,  as  the  refrlKi-ra-tiug  ii^-nts.  Although  a  ti-mpera- 
ture  of  —  220°  was  obtained  with  liquid  air,  under  diminished  press- 
ure, the  liflium  did  nut  liijm-fy  imder  a  pressure  of  140  atmospheres. 

Fluorine  was  liquittii-d  liy  Mnisson  and  Dcwar'  in  IS!)".  This  is, 
of  course,  a  remarkable  exprriment,  when  we  think  of  the  chemical 
natun:  of  fluiirint'.  The  fluorine  was  cooled  to  — 100°  by  means  of 
Uquiil  uir,  liqiicliod,  and  received  in  a  glass  bulb.  Fluorine  boils  at 
—  ISr',  and  at  this  low  temperature  loses  much  of  its  chemical  acUvitjr. 
It  docs  not  net  upon  iron,  and  doe.s  ndt  replace  iodine  from  its  aom- 
pounds.  The  liquid  fluorine  was  cooled  to  —210°  without  solidifying. 
Fluorine  has,  however,  been  recently'  solidilied. 


1  Phil.  3faff.  It.  2t0  (188*).  •  Chrm.  .\Vir»,  Bi,  laO  (1888), 

»  JVoc.  Hw).  Irnt.  1888,  G60.  •  Prve.  Bn;/.  Iwn.  14,  I  (1890). 

•  Tmn*.  Roy.  Sot.  tW,  263  (11«06),    ConiniunicaUil  by  lliuniajr. 

•  ir(»W.  Ann.  W.  181  (1898).    Salurt,  M,  3T7  (1806). 
»  Compt.  r<nil.  IM,  ISOS  (1807)  ;  1B».  MC  (1807). 

•  X«tUTt.  Mareli  30«i,  IW.-1.  497- 
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Tbe  problem  of  liqiicfviii^  hydrogen  in  any  appreciable  quantity 
was  liolved  by  Dfwar'  in  1S98.  A  niixlure  of  Iit|ui<l  uiliosL-n  aud 
hyilri>)Cfn  wtw  used  to  tool  down  the  gas.  Under  diniinialip<L  press- 
ure tliis  Wdulii  giv«  a  U-mppratuic  of  at  least  —205°.  JlydrogoD 
gan  Ctiulcil  to  lliis  ti-ni{H:ratur('.,  iuid  under  a  pressure  of  about  il>0 
atuiosphcrvs,  vriis  idlowed  ki  tluw  tlii-ougb  a  line  oiieiiing  into  a  *'  vac- 
uum-jackcUid  "  viwsd,  kt'pt  !)clow  —200°.  Hydrogen  liquefied 
under  tbesc  cuiidilions  at  the  rate  of  some  four  or  lire  cubic  centi- 
netres  of  liquid  per  minute.  The  boiling-point  of  liquid  Itydrogen, 
as  dctvnuiucd  by  the  pUitinuin  ther  mo  meter,  is  —2:18°,  This  has 
since  Ijccn  rcdctcnuint.'d  by  a  plalinum-rliwiiuw  thenuomeler,  aud 
found  to  bo  —  'US'. 

Dewar'  has  also  succeeded  in  liquefying  Iiellum  by  plociui;  a 
tube  containing  this  gas  in  liquid  liydtijjjL-u,  and,  finally,  Iisk  ob- 
taiut-d  hydrogen  in  the  nuUd  form."  Hu  atlt-ni|>li^d  to  Holidify  liy- 
drogiin  by  placing  some  of  tbe  liquid  in  a  IhIm;  surrounded  by  liquid 
bydiogrn  iu  a  vncuviin-jacketcd  vessel,  and  boiling  tlic  hydrogiii  in 
the  outer  vessel  under  diminished  prcssuri!.  This  exijcriincnt  wjis 
not  successful.  The  hydrogen  in  the  inner  vessel  may  haw  bccu 
cooled  below  iu  freezing-point,  bat  remained  iiudorcooltfd  and  did 
not  solidify.  However,  by  means  of  a  simple  appantua  iu  wliicli 
the  refrigerating  effect  of  evaporation  under  diminished  pressure 
could  be  better  realiifed,  Dewar  obtained  hydrogen  in  the  solid  form. 
The  melting-point  of  hydrogen  mn&t  b^  about  —  255",  and  a  slightly 
lower  tfcmjierature  can  be  obtained  by  evapoiatioj,'  solid  hydrogen.' 

Wewe,  then,  fi-oin  thi;  al>ove,  that  all  known  gases  have  been 
liquefied,  and  all,  with  the  exi-eption  of  helium,  have  been  solidilied. 
The  rtdiition  between  the  i^aHeouH  and  liquid  state  is  evidently  a 
very  closK  on«  —  thr  sl;ilis  of  aKgvt>t?=>^ii>ti  which  oblaius  dcjicnding 

tously  npon  tcmjici'uture  and  prp,'«»ure,  hut  chiefly  ujion  tempera- 
K  further  point  of  very  grt^at  interttHt  couiea  out  in  t!0»neo- 
vritb  the  liquefaction  of  th"  more  iM-rniaiient  gaspM,  We  are 
to  rcaliie  ex[>erimci)tHlly  a  tcmjicmtno'  which  is  but  sightly 
ftbove  the  absolute  zero.  That  msuiy  im|K>rtant  diHeoverie.t  will  be 
made  by  working  in  this  region  of  cxtrcioe  cold  is  Jilinost  certain, 
l»OW  tliat  we  have  refrigerating  agents  of  such  iiit<?n.sity  and  in  such 
quantity  at  band. 

la  tracing  th«  development  of  the  principles  and  methods  in- 
volved iu  Uquefyin);  gases,  it  was  pointed  out  that  bliorc  w  a  t«nii)er- 

'  ftw.  Rat-  fl"e.  «,  a-W  (58118).         »  ibid.  63.  S67  (HWS), 
«  CAwn.  JVmm,  n,  l«  (IHOlf). 

*  For  (IM^Is  In  connecilnn  witli  the  ll<|ii«(actlon  of  gnacN,  mo  the  admiraUe 
DtUe  book  Xff  Uanlln,  Liqtufaetton  o/  (><ueK 
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atwro  for  evciy  gas,  ubovp  which  it  cannot  be  3iqaefied  by  pressure. 
Thix  and  ct-rtaio  aimloijcous  cxmstants  for  gases  mii»t  be  ttwlicil  iiior« 
closely. 

Critical  T«mpcratare  and  Critical  Prestaro-  —  CiM^nainl  dc  la 
Tour '  obsiTTc<i  iti  li^'I-  tiint  ether  and  alcutlol  pass  completely  into 
vapor  iu  u  very  siiiELlt  s[>8ce,  wlieu  tho  tompenittira  ii  above  a  ixTtoiu 
point.  A  Iso,  that  two  volumes  of  cUter  volatilize  at  the  same  temper- 
ature OS  DDO  volume  into  the  same  space.  This  made  it  probable 
that  there  was  a  temperature  above  which  thes«  liquids  oouM  not 
remain  in  the  liquid  Btat#,  but  would  pass  over  into  vapor  regardless 
of  th«  pressure.  This  observation  made  but  little  impression,  until 
Andrews*  showed  much  later  (18C9)  that  there  is  a  tempcratupe  tea 
every  gas,  above  which  it  cannot  be  li'|uelied.  This  icinperature 
was  calleti  by  Andrews  the  Critical  TVnyw/Wu/e  of  the  gas.     The 

work    of   Andrews  was 
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done  largely  with  earboii 
diiixiilf .  Wlieu  the  tul>e 
miitaining  this  gas  was 
lirought  to  a  temperature 
of  l.'iM,  aiid  the  gas 
titib}<-<'teil  to  a  pressure 
of  4ASt  ntinusphercs,  a 
liquid  began  to  appear, 
and  the  volume  of  the 
gas  xwiitinufd  to  dimin* 
ish  without  any  con- 
siderable increase  in 
pressure  being  rfyiuiml. 
At  21'.;')  similar  results 
wure  olitAined.  At  Korao- 
what  higher  benipem- 
ture»,  linwpvor  (31M 
and  ST.R),  irsnlts  of  a 
very  differvnt  character 
manife^ti-d  i  he  in  selves. 
Although  there  waa  s 
marked  dreraase  in  vol- 
ume at  a  eertain  definite 
ffeunii,  yet  no  liquid  separated.  Thero  was  iio  eridence  that  any 
liquid  had  been  formeil.    At  still  higher  t«iuperaturca  the  abrupt- 

'Ann.  Chim.  Ph'jt.  SI.  IST.  176(1822):  M.  410  (1823). 
»  7Vaii».  BoU-  Sue.  IS08  [2],  6Ti. 
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"t)t  cSiftogt  in  Tolamc  at  any  definite  pivssure  became  less  and 
less,  and  votircly  dis^pcaroil  nt  48M.  Tlivso  ri.<EiiIts  are  seen  best 
by  plotting  them  in  curves ;  the  abscissas  are  vutumus,  tho  ordinates 
prcssurirs. 

The  curve  for  13'.1  shows  that  when  a  pressure  of  nearly  50  at- 
inosphpres  is  reached,  the  volume  diminishes  very  greatly  without 
any  marked  iucrease  in  pre88ut«.  This  means  that  the  gas  has 
passed  over  into  liquid  at  this  pressure.  The  curve  for  21°.  1  is 
similar  to  the  lower  curve.  An  abrit]>t  transitiou  from  gas  to  liquid 
tabes  place,  but  at  a  higher  pressure.  The  curves  tor  Sl'.l,  33"^, 
and  SC.S  show  less  and  less  abruptness,  but  at  none  of  these  toin- 
peratares  is  any  liquid  pioduced.  The  curve  at  48°.  1  sliowa  no  break, 
being  perfectly  smooth  throughout.  The  temperature  above  which 
carlxm  dioxide  caiuiot  be  liquefied  was  found  by  Andrews  to  be 
30*.92,  and  this  L*,  Uicrpfore,  the  erilical  temperature  of  the  tjas. 

The  ti'miieriiture  aliove  wluL-h  n  ijas  cannot  be  liqm-fit-il  h;is  lieen 
t«rm9<l  liy  >[t-tidelt:<>fr '  the  abtolute  boiUng-poiot  of  the  gu.  ^lis  is 
obviously  tlie  swnd  as  Atidrcws'  critical  tcmiierature. 

Tht!  pre«suro  which  will  just  tiqiiify  thi-  gas  at  the  critical  t«m- 
pcraturc  has  been  tciaud  the  critical  pressure.  The  substance  has  a 
i-4^rt4iin  drfinito  density  under  tliesu  conditions,  and  this  is  its  critical 
deoiity.    Tho  reciprocal  of  the  critical  density  is  the  critical  volum«. 

31any  of  the  critical  constants  of  liquids  will  be  f(>un<l  in  a  paper 
by  Heilborn,*  but  since  some  of  these  have  been  quite  n.-cently  deter- 
mined  with  greater  accuracy,  the  original  papers  bearing  upon  tliu 
liquefaction  of  gases  and  the  properties  of  the  liquids  formed  muat 
be  ronsulled.  The  erilical  temperatures  and  pressutcs  of  some  well- 
known  liquidtt  are  ipvcii  in  the  following  lahle:; — 


CimcjiL  TnnuTiiH 

PamuL  PitTTTTtir 

llydroeM      .... 

-  226*.0 

1S.0  ■imaapbem 

KItngon 

-  HS^O 

S&O  tXaumfbmt 

CarlMMi  immoxiile  . 

-  Ml'.O 

SM  axmuKpben* 

Argon 

-I20'.0 

*).0  atmOBpherua 

nuorlne         .... 

-  lar-o 

fiO.8  ntmotphcrcTi 

(heyiwii  ..... 

-I1S*.8 

OO.H  miiio»[>hf  M» 

UeibkM         .... 

-  W.l 

60,0  aiiu(«ii'"'«'* 

Carbon  ijioxide 

-  8I».0 

"fi.O  auuo^I>llL-rc« 

AmmonlB       .... 

-  lso^o 

IIG.O  Miiici«phGrM 

Cblortne         .... 

-  I+4'.O 

B3.tf  atmoqilktrrs 

Bromine         .... 

-sos'.a 

■  Lltb.  Ann.  119,  1  (IWt). 


'  ZtMhr.  pkys.  Cbem.  1,  001  (1601). 
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Th«  examples  given  in  tbis  table  show  the  great  differences  in 
Ihe  critical  tciniieratures  of  different  liquids.  It  also  sbow.i  tltat  tlic 
crilicil  pret)8urea  of  liquids  ai-e,  in  geiii^ra],  not  iiigii.  If  tlie  u-in- 
]>erature  of  the  gas  is  below  the  critical  temperature,  the  itreasuru 
required  lo  liquefy  the  gas  is  below  the  critical  ]>reitsun:.  In  tho 
liquefaction  of  };pi»t^:<,  iheii,  low  leuiperaluie  is  far  more  itiijjoTtMit 
than  hi)j;h  prcusurt!.  Indeed,  tlie  teiitpeiiiliire  must  Im!  at  IciLst  d»n-n 
to  the  critic^  tcinjH-ratiire.  If  tliv  t*!nt)Hrr»turo  is  still  lunvr,  very 
gligbt  pressure  may  liquefy  the  gas.  We  can  now  ecg  why  the 
earlici'  experimenters  were  not  successful  when  they  tried  to  liquefy 
such  gases  as  oxygen,  nitrogen,  hydrogen,  etc.  They  used  iu  some 
cases  enormoaa  pressures  amounting  to  thousands  of  atmosphereH ; 
but  did  not  cool  the  gases  down  to  the  critical  temperatures.  After 
these  gaaes  were  sufBciently  cooled  they  were  liquefied  at  mod«nite 
pressnres. 

Continiiity  of  Passage  from  the  Liquid  to  the  Oaseoas  State.  —  It 
will  he  fidfii  from  wliat  hiLt  1)ppii  srud  in  refereiiue  to  critical  li-mpcro- 
ture  and  |ires.iure,  that  a  liquid  i-uii  l«  l.runnfumicd  into  vaiHir  with- 
out heoo(niu){  heteriigeni^iiiis  ut  any  lime.  If  tlte  liquid  is  warmed 
alMte  its  critical  tom[H^ralurc,  a  iircasurA  is  produued  whiidi  is  greater 
than  till*  critical  prcwinrc.  Th«  vohimo  may  now  be  increased  to 
any  extent,  yet  the  substance  which  was  originally  liquid  remains 
homogeueous,  Th«  passage  from  the  liquid  to  the  gas  is  tbns 
perfectly  continuous,  and  it  is  iinjiosEible  to  say  where  the  liquid 
Btat«  ends  and  the  gaseous  begins.  The  condition  of  matter  at 
and  near  tlio  criticid  point  has  always  perjtlexed  men  of  sdence, 
and  many  opinions  have  been  expressed  concerning  it.  Andrews 
disctwsed  this  condition  in  connection  with  carlwnic  acid.  He 
pointed  ont  that  if  this  gas  above  the  critical  temperature  is  sjib. 
jected  to  a  pressure  considerably  above  the  critical  pressure,  tli«re 
is  an  enoimooB  decrease  in  rolume.  The  carbon  dioxide  under  this 
condition  is  neither  gas  nor  liquid,  but  ooenpies  a  posiitjon  between 
the  two. 

Certain  phenomena  mnnife«t4!d  by  substance*  around  the  critical 
point  have  been  very  carefully  studied.  T'lJirk '  showi-d  that  the 
density  of  the  vapor  was  «qnal  to  that  of  the  liquid  ut  the  critic*! 
pwnt.  This  has  bt^n  defined  (u  tJic  critical  litnsiti/.  Tho  critical 
point  is,  then,  that  nt  which  the  density  of  Ta^Ktr  and  liquid  are 
eqaal.  Ramsay*  cimclinkd  from  the  expcriinunts  of  others  and 
from  his  own  that  the  liquid  state  may  persist  beyond  the  critical 

>  JV.r.  Phffs.  Sot.  4.  41. 
L  •  JVor.  Aoy.  Soe.  31.  IM  (1881). 
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[Ktint,  and  this  opinion  is  shared  by  oth(T  «xpcTimiM)t«n!.'  liniiDBT,' 
on  the  contiary,  is  of  the  opinion  from  his  own  work,  that  the  criti- 
trul  {loitit  idhtIls  thv  limit  of  Hin  liquid  condition,  and  suggests 
the  term  "vapor"  for  matter  just  above  the  critical  point.  It, 
however,  seems  best  to  sttll  limit  the  states  of  matter  to  three,^ 
gas,  liquid,  and  solid, — as  Hardin  points  out.'  Deliniiig  gas  as  we 
do,  as  having  neither  any  definite  form  nor  oeeupyiug  any  lixed 
volume,  but  capable  of  nearly  iudeiinite  expansion,  it  is  ob- 
vious that  a  substance  alK)v«  the  critical  point  is  in  th«  Kaseoua 
condition. 

Just  as  ft  li(|uid  can  he  tramtformml  into  »  giw  witJiout  any  break 
in  continnily,  so  ean  a  gax  Ixt  transformed  into  a  li<iuid  by  a  continu- 
nuH  proecss.  The  gadeouK  and  liquid  Kt,ateii,  tlieii,  ajipioach  m^  the 
eritical  point  in  reached,  and  r-itlier  van  Ih!  inAdo  U>  pa^n  inlo  the 
oUuT  without  Rny  Iiresu-h  in  I'^iTitinuity, 

The  Kinetic  Theory  of  Liquids.  —  The  close  relation  which  vre 
have  just  Mi-n  to  cii.ft  bi;twcca  liquids  and  ((ases  has  led  to  the 
application  of  tho  kinctio  theory  of  gases  also  to  liquids.  Since  the 
passage  from  a  liquid  to  a  gas,  and  n'p?  rent",  under  certain  oondi- 
tioDS  is  so  gradual  that  we  cannot  say  where  Ihc  one  state  of  aggrega* 
tion  ctida  and  the  otlier  begins,  it  is  highly  probable  that  any  theory 
which  obtains  for  the  oue  Btato  would  applyi  to  some  extent  at  least, 
to  the  other. 

The  liquid  state,  as  we  have  seen,  represents  matter  in  a  much 
more  eoncentrated  condition  than  the  gaseous  state.  There  is  u 
much  larger  number  of  moloeules  in  a  given  volume  of  a  liquid,  ami 
consequently  the  collisions  between  the  moving  molecules  arc  much 
more  frequent.  There  would  thus  result  in  the  liquid  an  cuunuoiis 
pressure,  were  tt  nnt  for  the  nttraetive  forces  between  the  molecules. 
These  altTaetive  forcM  hold  the  nioleetiles  together  and  pievi'iit  tlicm 
from  flying  "II  with  explosive  violciuw.  Only  those  muhi-uU-s  which 
appreadi  tho  surface  of  the  liquid  with  tinuitually  great  velocity  can 
so  far  esca]>fl  from  the  attractions  of  the  other  liquid  molecules  as  to 
fly  off  into  the  space  above  the  liqnid.  This  explains  the  existence 
of  vajfor  above  every  liquid.  We  know,  however,  that  if  these  inole- 
cnln  fly  off  into  a  closed  space  above  the  liquid,  the  vapor-prossnre 
thus  produced  cannot  exceed  a  certain  limit  at  any  given  tempera- 


>  .rstnlii :  nit  Maf.  [A].  16.  Ta(ISe3).  CaUlctetaodColardcan :  Aiut.  Chtm. 

ns*  [«;.  IS,  :!<»i  (t8on}. 

•  Pw.  Bof.  &>c.  10.  47B  {1880). 
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turf.  We  can  clearly  see  tfa«  reason  for  this  in  termi  of  our  tbroiy. 
The  molecules  of  tli»  vapor,  in  tht-tr  inovrmriiU  through  the  oontin- 
ing  space,  come  in  contact  wnth  tho  surfai.'v  of  th«  liquiO.  Svniu  of 
these  an  coutinually  coining  within  the  nmgv  of  the  attractire  forces 
of  the  liquid  molci'ules,  and  aro  drawn  down,  ns  it  wcn>,  into  the 
liquid  a^in.  TIick  is  thus  a  continual  exchange  going  on  between 
th«  liquid  and  the  vajior,  Home  liquid  particles  passit^;  off  as  vapor, 
and  some  vapor  {>articlcti  condensing  as  liquid,  until  a  condition  of 
equilibrium  is  reaehwL  Equilibrium  is  cttablished  when  the  vapo^ 
preasure  has  reached  §uch  a  point  that  tho  same  number  of  gaseous 
iDolecuIea  are  condensed  in  an;  unit  of  time  as  there  are  liquid  rode* 
cules  eonvDrted  into  vapor.  We  have  seen  that  it  is  only  the  mole- 
cule* wilh  the  greateiit  kinetic  energy  which  can  so  far  tiverccwiie  tJie 
molecular  attractions  as  to  escape  from  the  liquid  as  vapor,  and  Utia 
of  course  lowers  Ihe  mean  kinetic  energy  of  the  liquid.  We  Icnuvr 
that  when  a  liquid  evaporates,  the  mean  kinelio  energy  of  the  liquid 
mcleouli-s  dccreaste*,  or,  at  we  say,  Llie  ti^iiijieraturo  is  lowered.  If 
the  liquid  is  in  such  a  position  that  it  can  absorb  heat,  it  does  so; 
and  the  heat  requireil  lo  elfect  oomptetA  vnporiiatioii  of  a  liquid  is 
very  great.  This  I'xplaiu!!!  why  tho  vapor-tension  of  a  liquid  ia 
increased  with  rise  in  li'inpi'mtiin-.  The  addition  of  heat  increases 
the  kioDtic  energy  of  th<?  Hqiutl  molecules,  and  more  are  capable  of 
overcoming  the  molecular  attractions  and  flying  oS  as  vapor  in  a 
fciven  unit  of  time.  Tln^  nmnlier  of  molecules  iu  the  condition  of 
vajtor  is  therpfore  grejiler,  and  tho  vapor-pressure  is  greater  the 
higher  Uie  temperature. 

Si>  much  for  the  q\ialitatlve  application  of  the  kinetic  theory 
of  ga.iDa  to  liquids.  The  quantitative  application  will  be  miule 
by  attempting  to  ajiply  the  equation  of  Van  der  Waals  for  (pises 
also  to  the  continuous  passage  from  the  gaseoun  to  the  liquid 
condition. 

Tan  der  Waals'  Equation  applied  to  the  OoattwiOW  PtMAg*  flMD 
the  Ooieotu  t«  the  Liquid  Condition-  —  The  cquttion  of  Via  der  Woala 
for  gases,  it  will  be  remembered,  i8 :  — 

When  tliis  is  arranged  with  respect  to  the  powers  of  v,  we  ht>j9:  — 
\P        J        P     P 
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This  equadon  has  three  aolulions,  hfling  a  cubic  wiuation,  which 
means  that  Uiere  ar«  three  values  of  v  for  any  given  value  of  p. 
We  can  understaad  the  significance  of  two  volumes  for  one  pressure, 
the  one  that  of  the  liquid,  the  other  that  of  the  vapor ;  but  of  the 
third  we  know  nothing,  if  we  construct  the  curve  corresponding  to 
the  alxive  equation,  we  will  have  the  following  figure  (Fig.  11). 
The  ahBoissaH  reprettent  volumes,  and  the  ordinates  pressures.  Each 
is  an  isothermal  curve,  aiid  the  temperature  increases  from  curve  1 
to  curve  6.  Curve  1  represents  a  temperature  below  the  critical 
tempeniCure,  and  curve  G  is  above  the  critical  temperature.  If  we 
follow  one  of  these  isothermals,  stiy  1,  we  liiid  that  as  the  prewture 
increases  from  A  to  C,  the  volume  continually  decreases ;  but  as  the 
pressure  decreases  from  C  to  E,  t)ie  volume  still  ountinuos  to  de- 
crease. As  the  prCHSure  incroiuLs  i^^ain  fruni  E,  the  volume  ccintiu- 
lies  to  decrease. 

If  we  compare  this  curve 
with  tlie  results  of  experi- 
ment,— say  Andrews'  work 
with  carbon  dioxide,  —  we 
find  that  the  first  part  of 
curve  1  corresponds  to  the 
I«8idt8  obtained.  '\\~hen 
gaseous  carbon  dioxide  was 
subjected  to  inereaaing 
pleasure,  the  volume  de- 
creased as  represented  by 
tlie  cur\-e  .-IB.  Since  the 
t«m]>iTMture  is  bittow  the 
critical,  when  a  certain 
[>reMnin!>  was  reached,  rep- 
resented by  the  point  U, 
the  gas  liquefied.  The 
volume  thus  changed  very 
rapidly  without  any  change 
in  pressure,  until  a  volume 
vorresponding  to  that  of 
the    liquid   was   reached. 

This  is  represented  by  the  straight  line  BF.  With  further  Increase- 
in  pressure  beyond  the  point  F  there  was  very  slight  diminution 
hi  volume,  since  the  volume  of  a  liquid  is  only  slightly  ebaiiged 
with  large  changea  in  pressure. 

The  portioo  of  the  curve  which  cannot  be  verified  oxperimentalty 


OS 


THE  ELEMENTS  OF  PHYSICAL  CHEMISTRY 


is  that  Fepresented  by  BCDBP.  Th«  t«iniKtrat*ire  hen-  is  Wlow  th* 
critical,  and  when  a  certain  pressure  is  rciuOnnl  tlicrQ  is  :iit  alirttjil 
trausitlDD  from  tbe  gas  to  the  liquid.  The  siib»t;iiicc  »t  tlit«  rolkiim; 
is  het«roKBi>^ousr  '-^^  V^'^  S^  ^^^  P<^  vapor.  Since  the  eqtiatiuii 
of  Van  der  Waals  applies  only  to  homogeneous  conditions,  —  to  a 
oontinuous  txansfonualiou  from  one  stsOa  of  a^f^gatiun  to  the 
other,  —  it  is  obvious  that  it  cannot  apply  to  this  condition.  U  is 
possible  to  follow  the  curve  a  little  beyond  B  by  studying  a  super- 
saturatt^d  vajwr,  and  to  proceed  a  sliort  way  from  F  toward  B 
by  BlvulyinK  a  superheated  liquid,  but  it  is  impossible  to  proceed 
to  any  considerable  distince  because  of  the  instability  of  these 
states. 

If  wt!  now  examine  curves  2,  .t,  etc.,  oorrespomiiiig  to  iucrea-itng 
lern|«-ratvires,  we  find  that  the  three  volumes  corresimtiilinb'  t**  * 
given  pressure  inoi-e  and  more  nearly  coincide.  The  middle  |>ortiou 
of  the  curve  devlntps  less  and  less  from  the  straight  line,  until  in  4 
we  have  the  three  vohimes  alwolntwly  coinciding.  T!ie  physicAl 
.■tiKuiltounee  of  this  point,  where  the  three  volumes  become  e()iial,  is 
very  iiit<'ri!^stin^.  It  is  the  jioint  where  tlie  volumi!  of  the  gns  is 
tfqiud  tu  tliivt  of  th<;  liquid,  or  wheni  thc-re  is  no  <lis<'«nti nutty  be- 
twwn  thi;.  two  slati-5.  It  is  only  at  this  puiiit  tliat  ^pjt  and  lii|iiid 
can  bo  transformed  into  onu  another  isylhemially  anil  witlimit  loss 
Id  continuity.  The  tcinporaturc,  pnissure,  and  volume  at  this  puint 
are,  n'spt-dively,  the  eriticaJ  tempcmturf,  criiieid  pressure,  and 
critical  volume.  In  a  wonl,  tliis  is  the  Critical  Point  of  the  sub- 
stance. 

Tlio  method  of  obtaining  this  point  is  evident  from  Fig.  II. 
It  is  only  nwcssary  to  drnw  a  number  of  isothermal  cnires  for  vo-a- 
slant  values  of  n  and  b  in  the  Van  der  Waals  equation,  stalling  at  a 
temperature  considerably  below  the  critical  temperature.  As  llie 
tcnijH-ratiirc  of  the  isothermal  approaches  the  critical  teinp>}rature, 
Oic  values  for  the  three  vohnnea  approach  one  another  and  finally 
become  equal  wlien  the  isothermal  correspouding  to  the  critical 
temiwrnture  is  reached.  We  can  thus  determine  the  point  K  from 
tlio  nomttants  in  Van  der  Waals'  equation,  which  is  the  same  aa  to 
say  thai  wc  can  determine  the  critical  temperature,  cntical  pressure, 
and  critical  roliune  of  a  substance. 

In  conduding  this  section  attention  sliould  he  callwl  again  to 
the  fact  that  the  R]>plicati(in  of  Van  der  Waals'  equation  to  li(|uids 
has  been  only  partially  succeasfuL  While  it  has  sliown  relations 
between  properties  as  different  as  the  deviations  from  the  onlinary 
laws  and  tlie  critical  cunstunts,  yet  there  are  many  and  qiiit« 


LIQUIDS 


appreciable  differeocea  between  the  values  as  calouUtod  by  roeans 
of  this  oqnation  and  as  foiuid  ex  perimen tally.  The  explanation  of 
nuuiy  of  these  differeiicea  eanoot  be  given,  but  a  auggestion  made  by 
Ncnist'  will  doubtless  accoimt  for  some  of  them.  As  he  savs,  iii 
the  development  of  Vau  der  Waala'  equation,  the  as.ti)inption  is 
always  inarle  tliat  in  the  pas-tage  from  the  gaseous  to  the  Hquiii  con- 
dition, and  t-/M  rtrsa,  there  is  no  change  in  the  moleeulai-  eoncHlion. 
We  know,  however,  at  pre_tenl  that  this  assumption  is  not  true.  Mauy 
snbstaiiee.1  in  passing  from  gas  to  liquid  fiuiu  eomplex  mo!i;riih-s  to 
a  greater  or  l<s»  extent.  Ast  yve  shall  tee  Liter,  it  has  Ixwn  sliown 
that  the  niolornU':*  of  liquid  water  aiw  made  up  of  four  of  the  .^lim. 
plest  moleeules,  wiiilc  tlic  molecule  of  waU'r-vajior  '\a  the  simplest 
{wssiblu.  We  shall  also  sec  that  the  molwules  of  many  sulistances 
in  the  liquid  Ktato  arc  complex,  white  in  the  g.'ueous  siaCr  tlie  mulc- 
eido  is  generally  tlie  simplest  conceivable-  On  aeconnt  of  the  very 
Incomplete  state  of  our  knowledge  with  reajwct  to  the  molecular 
weights  of  substances  in  tho  liquid  condition,  it  is  impossible  to  say 
nt  pirsent  whether  molecular  aggregation  in  the  liquid  state  vaa 
account  for  all  of  the  deviations  of  liquids  from  tho  equation  of 
Van  der  Waals. 

In  this  SMtion  the  attempt  has  been  made  to  point  out  the  most 
striking  relations  between  liquids  and  gases,  and  in  doing  this  some 
general  properties  of  liquids  have  hren  considered.  We  must  now 
study  the  several  proiierUes  of  liquids  more  closely,  and  e8i)ecially 
any  relations  which  may  exist  between  properties  and  chemical  com- 
position on  the  oiii>  hand,  and  ]iri>|iei'ties  and  constitution  on  the 
other.  Indeeii,  it  was  riKht  iii  this  lii'Id  that  much  of  the  earlier 
physical  chemical  work  was  dout-.  Tlie  question  was  raised,  and 
answered  as  far  nn  pos-tible,  how  does  the  introduction  of  a  CH,  gruu{», 
or  of  an  oxygen  or  chloriiu*  atom,  affect  the  physical  pro|>erti'?3  of 
tlio  eom|Miund  into  which  it  enters?  Or  what  is  the  diiference 
between  tho  effwt  on  one  compound  produced  hy  a  given  atom  or 
group,  and  the  effect  on  other  compounds?  Tlini  the  qucHtion  of 
the  effect  on  physical  properties  of  ;iu  atom  or  grciup  in  ime  stale  of 
combination,  as  compared  with  the  effect  pniduceil  by  tlie  samt;  aloni 
or  group  in  a  different  state  of  combination,  arose.  What,  for  ex- 
ample, would  be  the  effect  on  the  physical  proiwrties  of  compounds 
produced  by  an  oxygen  atom  in  the  hydroxy!  condition,  with  rcspi-ct 
to  an  oxygen  atom  in  tlie  carbonyl  condition  ?  In  a  word,  how  would 
constitution  affeot  properties  ? 

>  See  Kerasl:  TiMoretlttAt  (HuntU,  p-  331. 
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A  great  many  interesting  and  important  relations  between  compo- 
rition  aiid  properties,  and  constitution  and  propcrtJes  liave  been 
discovt'ri'd.  Most  of  this  work  lias  bwn  done,  aa  we  would  expret, 
with  liquids,  and  will,  therefore,  be  taken  up  in  this  chapter.  We 
lihiilt  now  take  up  iu  turn  the  tlienual  properties  of  liquids,  the 
oplioal  pmiwitii-*,  and,  in  addition,  a  number  of  more  or  less  appar- 
i?ntlydi»(!Qnii<vl«d  physical  pro|<ei-des  of  liquids;  and  shall  especially 
]ioint  nut  ill  ev«Ty  case  the  more  important  relations  which  ha»e 
been  discovered  between  the  property  in  question  and  chemical 
oonipoHition  and  oon»titution. 


THE  vapor-I'Ressi:re  axd  boiling-point  of  liquids 

The  Vapor-presHnre  of  Liquids.  —  When  a  liquid  is  in  oo»t»ot 
with  (ri'f  Njiuuti,  It  cotitiiitiallj'  k<-ikIk  off  particles  into  this  apace,  as 
WIS  hiivi!  sit'ii.  Given  ii  li'inid  in  ctmiact  with  an  inchised  S|Mtoe; 
particles  are  constantly  e»eaping  from  (he  .lui-face  of  the  liquid,  but 
at  th«  same  tinio  vapor- particles  are  ctiudeniiiiiK.  Finally,  an 
equilibrium  will  be  established  lietween  Uie  liquid  and  ita  vaiKir, 
when  the  same  number  of  |iart.iclisi  escajte  iu  unit  time  as  con- 
dense in  the  same  time.  The  vajxir-presKure  exerted  by  a  liquid 
is  the  pr&ssure  of  its  vapor  when  this  condition  of  equilibrium  has 
been  reached, 

Tlie  condition  of  equilibrium  varies,  as  we  have  seen,  with  tiie 
tem|«>rature,  and  Uie  vapor- pressure  also  varies ;  the  higher  llie  lem- 
peralure  the  greater  the  vapor-pressnre.  In  speakiiii;  of  the  vnp0^ 
pressure  of  liquids  we  roust,  then,  always  state  the  tfrniM-rature  to 
which  the  vapor-preaaure  refers.  In  coihiiiiriui;  the  vajinr-prrssnres 
of  liquids  we  could  select  some  temperature  and  mejisurft  the  prcseures 
of  their  vajiors  at  this  temi>erature ;  Uiis  method  bus  been  pxtensively 
oacd. 

The  liquid  whose  vapor-prcssuro  it  is  desired  to  measure  is  placed 
most  conveniently  above  the  mercury  in  the  vacuum  of  a  barometer 
tube,  and  brought  to  the  desired  t'-mjieraturp.  The  txihimn  of 
mcrciny  is  depressed,  and  the  amount  of  the  dejiression  is  measured 
by  reading  the  height  of  the  mercury  in  the  tube  and  also  on  a  seoocid 
barometer.  From  the  difference  in  the  height  of  the  two  columns 
the  vapor-presBuro  of  the  liquid  at  the  temi>erature  in  question  is 
determiitfd  by  reduction  to  normal  conditions, 

Tlie  objection  to  this  melliod,  which  has  been  termed  lh«  statical 
method,  is  that  the  presence  of  any  volatile  impurity  in  the  liquid 
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,t\y  vitiat*  tlic  results,  The  vapor-picssurcof  the  iinpurit}- 
wonld  add  its«lf  to  tliiit  of  ttR-  pure  liquid,  givinjt  u  vaijor-pressiiro 
which  is  tuo  great.  This  cnur  ma;  be  very  ronsidcrable  if  there  U 
only  a  tntrc  of  tlio  impurity  present,  as  TuiiimHnn '  has  shown. 

A  far  better  method,  aud  one  which  can  be  used  at  much  higher 
mperatures  and  pressures,  is  that  kJiowu  as  the  dynamical  method. 
Tim  principle  is  very  different  from  that  of  the  statical  method.  In 
the  Iatt«r,  as  we  have  ju§t  seen,  the  temperature  is  kcjA  constant 
and  the  vapor-jiressures  of  the  different  liquids  measured  at  this 
conKtaQt  temperature.  In  the  dynamical  method  the  pressure  is 
m^ntained  constant  over  tlie  different  liquids,  and  the  tenifieralurea 
at  which  they  boil  determined  accurately  by  means  of  line  ther- 
mometers, lu  tlio  statical  methoil  we  measure  vapor- prcss«i«»,  while 
in  tlie  dynamical  methoil  we  mea.-(ut'e  teiiigieratiireii.  Any  couv^nieiit 
prCBsure  can  be  ohoiieD,  aud  the  tenijicratiire  at  wliich  liquids  Ixiil 
aDd«r  thin  pres.snre  can  be  mfasiired.  The  jtressure  must  be  vtry 
carefully  rejjnlati-d,  since  Ihe  l>ciinny.}>oint  of  a  liquid  is  greatly 
affected  by  comparatively  Kli^ht  cliangea  in  pressure. 

The  results  obtained  by  the  two  methods  for  perfectly  pure  siib- 
^uiees  agn'is  very  closely,  showing  that  there  is  for  any  liquid  a 
eliiiit«  vapor^pressurc  for  any  given  temperature.  The  apparent 
'differences  Imtwoun  tlio  results  of  the  two  methods  have  been  shown 
to  be  due  to  the  large  error  produced  by  traces  of  volatile  impurities, 
when  the  statical  method  is  used.' 

A  number  of  attempts  have  been  made  to  formulate  the  relatioD 

between  rapo^pTessu^e  and  temperature,'  but  none  of  these  has  been 

entirely  tiuece<)Rful.    The  expreKstoni)  which  bold  at  one  temperature 

iierally  do  not  holil  at  other  (cm ppiatures. 

Relations  between  the  Tapor-pressares  of  Different  Snbatancea.  — 

ore  inteiwstinf;  arn  Mii;  n-hitinns  which  iiave  lieeu  discovered  be- 

ween  the  vai"«r.pro»,»uri'*  of  different  suli.'«taiH-e.s.     Paltoii*  thou;;ht 

•the  rapor-presEtircs  of  all  liquids,  at  temperature,''  equally  distant 

llieir  boiling-points,  were  equal.     While  this  holds  njiproxi. 

lately  for  certain  classes  of  substanec-s,  it  is  far  from  the  truth  in 

many  cases.    The  exj)ression  proposed  by  Dnbring  is  more  rational, 

,nd  holds  in  »  mach  larger  number  of  cases.    The  vapor-pressures 


■  mrd.  A»a.  ».  083  (1S8T), 

*  Kaiunr  and  Tonng:  Ber,  «L  dkm,  Otstn.  U,  SSfiC  ilSSS);  19.  W.  S107 
1888);  «0,fl7  (l»87). 

*  dm^.  rtntt.  10*.  IG88  (1887). 

*  Mm.  Lit.  niL  Sot.  UaBchwtw,  «.  fiEO. 
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un^  fiiual  itt  t«inj>eratureit  whivh  aro  at  [iroiiortionftl  distanotts  (torn 
tho  iMiiIiiijf-jMiiiiiH. 

The  fonuulit  cxpreMing  Uie  gttneralinuuni  of  Duliniig  is:  — 

('  =  ("  -  100/+ J?  =  ("  +/{!  - 100). 

('  ia  ttiG  boiling-poiot  of  the  substanct^  under  tho  pressure  in 
qurstion ;  ("  its  boil  ing-jici  lit  undrr  a  prvssuni  of  "G  cm.  of  raorcnry, 
atid  (  and  100  tliv  corrvspuiidiiig  trmpcrat\ir«8  for  water;  /  is  a  con- 
stant factor. 

DtUirin);  showi'd  that  this  equation  holds  approximately  in  many 
cases;  but  that  thoro  are  striking  exceptions  was  poinlei)  out  by 
Winlielmann.'  The  latter,'  in  turn,  proposed  an  expreRsion  for  the 
relation  iwtween  vapor-pressuro  and  temperature,  vrhich  is  indepen- 
dent of  the  nature  of  the  substance ;  but  reference  only  can  bo  made 
to  it. 

Tlie  relation  discovered  by  Ramsay  ami  Young*  should,  however, 
receive  closer  attention.  It  Ji  is  the  ratio  of  the  absolute  tcmjiera- 
tUMs  of  the  two  bodies,  corresponding  to  any  vajmr-preesure  wbiofa 
is  the  same  for  both  of  them ;  ft'  the  ratio  at  any  other  prwsiire, 
which  again  is  the  same  for  both;  t  and  ('  the  terai>eratures  of  tmn 
of  the  bodies  corresponding  lo  the  two  Ta^Kir-pressnres,  and  c  a  con- 
slant  with  a  small  plus  or  negativo  value,  or  may  equal  zero;  then 

«'  =  J?  ^.  c(l'  -  (). 

When  c  =  0,  Sf  =  B,  which  means  that  the  ratio  between  the 
abaolute  temperaturea  is  a  constant  at  all  vajtorpreiiaurea.  If  c  has 
a  small  positive  or  negaUve  value  this  can  readily  be  calcnlated. 
Ramsay  and  Voung  showed,  by  comparing  a  do7.eii  or  fifte«ii  sult- 
Itanoes  with  one  another,  that  their  formula  agrees  with  the  facts  to 
within  a  comparatively  small  limit-  They*  ti.^Kt«d  still  furtlicr  the 
relation  belw«ou  the  absolute  temjwmtures  of  P'lual  vapor-prcssun's, 
expressed  by  their  i*quation.  Using  the  dctcrnit nations  of  thvvapor- 
preesnres  of  many  esters,  mndo  by  Schunutun,'  and  calculating  the 
ratios  of  the  absolute  temperatures  of  all  of  thorn  to  those,  of  ethyl 
acetate  at  the  same  pressure,  it  was  found  for  prcssares  ranging 
from  200  to  1300  mm.,  that  the  ratio  of  the  absolute  temperatures 
is  a  constant  at  all  i)reBsures.  This  is  shown  by  a  few  results  taken 
from  the  paper  of  Kamsay  and  Young. 


'  HV'.I,  Jnn.  B.  301  (1880). 

*/6f.f.»,S0M(l8»l)). 

»  Phtt.  3laff.  n.  83  (1886). 
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Helliyl  laniiB(«  . 
Eiiiyl  lonafttc  . 
&I<:iliy1  ocouiu  . 
Propyl  ttcputo  . 
Mvlliyl  proptuDute 
BUiyt  propitinAln 
M«iliyl  bQiynw 
Eihjl  bobittjTate 
Mclhyl  ralcmU)  . 
Bthf  I  Tftlorau 


sou  HH, 

T«0  IH. 

IWOBtt. 

.sToa 

.6720 

.871& 

.9328 

.03^2 

.0.111 

.9431 

.M40 

.9i-2ti 

1.0000 

1,0077 

i.o«'e 

1.0073 

1.0080 

1.0073 

I.OttU 

l.OOOfi 

l.OttlA 

I.OTIO 

I.07S0 

l.OTSI 

1.003G 

I.OiMS 

I.0P63 

1. 1189 

1.1131 

1,1 1.16 

t.lllin 

l.IOM 

I.lWi 

.6711 
.9310 
-WSO 

1.0083 
1.0076 
l.Utlll 
1.0780 
LOOM 

i.n.t& 


From  ttie  laeau  ratio  for  eacli  ester  tiotween  its  absolute  tempera- 
tut«  and  thiit  of  etbyl  acetste  at  the  same  pressure,  oiid  from  tlie 
tcinperatui-es  of  eUiyl  ac«tat©  at  the  three  pressures,  the  boiling- 
poiiita  of  liie  twenty-seven  eaters  were  calculated.  The  reaulti  are 
given  hy  tlicin  iu  a  tf^le,  together  with  the  temperatures  as  deter> 
miii«d  cxpcirimeutally.  In  no  case  does  the  calculated  value  differ 
from  the  olwflrvw)  Iiy  more  than  0*.*.  This  is,  of  course,  a  strikint? 
cunlirination  of  Un;  geiieriLl  IriiUi  uf  the  relation  poiut«d  out  iti  tlie 
equation  of  Rstnsay  mikI  Voimg. 

ReUtioiu  between  Boiling-pointa  and  Compoution  anil  Constitn- 
tiOB.  The  Work  of  Kopp. — 'I'lu'  ri-liitimis  lictwiTn  ij<piiipt)5itiou  uid 
constitution  Eind  boiiiiig-pciitils  havi^  been  exUin.sive)^  iuvcstigated 
Bmeng  the  organic  liquids.  Kopp,'  iis  mrly  as  1842,  vxtunded  his 
investigations  of  other  physical  proixTtii^ts  of  substances  to  th«ir 
boiling-points,  and  discovered  comparalivcly  siiuiilc  relations  between 
Uie  boilitig-])oints  of  liquids  aiid  their  composition,  lie  showed  that 
as  the  conii>ouud  increases  iu  complexity  the  boiling-point  is  raised. 
An  etliy]  conipinind  boils  about  19°C.  higher  than  tbe  corresponding 
incthyl  cnm}wimd.  A  little  Liter  in  the  same  year'  he  formulated 
his  gGnvraltiatton,  tlat  t<pi<ii  liijTri^tiixii  in  Uie  compoeition  of  organic 
cttntjfouuU  cormijiond  to  vipinl  ilifffrvncea  in  the  boiling-point.  This 
would  be  very  roniarkable  if  it  were  true,  but  we  shall  see  that  it  is 
only  an  approximation. 

If  the  law  of  Kopp  was  rigidly  true,  then,  isomeric  compounds, 
since  they  have  the  same  coinpOBitlon,  must  boil  at  the  same  tern- 
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pernturi^  Kojip  jioiiited  out  in  1844'  that  UiU  is  not  the  case. 
Kthy)  iirclutv  am!  butjHo  acid  are  isomeric,  yot  Uie  former  l>oiU  83^ 
lovct  than  the  latt«r.  Th«»e  isom«res,  however,  u«  not  of  aimiliLr 
eonstitution.  He  determined,  then,  the  boiling-points  of  iwmeric 
aubataucea  whose  constitutions  are  similar. 

BOILOU-tvOtt 

I  Muliyl  .-KrtM*,     CH.COOCH, W 

I  V.ihyt  iormaU',      HCWOCiH* 66" 

fMctliylvalpratc,    CIIjClJ,CH,CH,COOCH,  .       .        .       .  116' 

Amyl  (orniaio.     IIC'iOC.H,, lie* 

[  Ethyl  liiilyniW!,     Cl[»ClliC»,COOC»H,        ....  Uft* 

It  would  a])pcar  from  theso  rnsnltB  that  isomeric  s^ibstanoes 
having  similar  constitution  have  the  saute  boiling-point,  to  within 
the  limit  of  experimfntal  error. 

In  1855  Kopp'  published  the  results  of  an  olaborat«  investiga- 
tion oil  the  boiliiig-poiuts  of  organic  liquids.  lie  included  in  this 
work  a  number  of  alcohols,  acids,  and  ethereal  salts.  A  few  of 
his  results  will  show  that  his  conclusions  are  substantiated  by  the 
facts. 

Hctliyl  alcohol,  011*0 OK". 

BtbTl  nlculiol.  CiU(0 Tr< 

Propyl  alcohol,  CiIliQ W< 

Buiyl  nicf-hol,  C,K,oO IIW/ 

Foruiicacid,  HCOOH 105°. 

Aeotic  acid,  CHiCCWn 1 17°  < 

Propionic  acid,  C^UiCOOH UVC 

DulyricnciJ,  C»H,0OOH IM"/ 

Elhyl  iormau.  IICOOCH, 66°  > 

Kthyl  iMXUAe,  CH.COOCgH. 74'/ 

Ethyl  propionaW,  CjltiCOOCtlli 0(P' 

Kopp' drew  the  general  conclusioD  from  tliis  work  tliat,*'foT 
homologous  compounds  belonging  to  the  same  series,  the  diffnrenee 
in  bailing>points  is,  in  general.  pro|)orttonal  to  tlio  dilf<-T«ricv  in 
Gompoution.    'Hie  difTerence  in  bolling'point,  corresponding  to  the 

m      >  Lkb-  Ann.  W,  71  (IfiH).  «  mO.  98,  1  (18115}. 
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dlfFcrenec  in  oompositiou  of  CH„  is  the  same  in  many  series  of 
coin{K>iiii<t«,  iiiiil  i«  wjUiil  to  1ft." 

Work  tinoe  tlie  Time  of  Kopp.  —  More  accurate  exjxiriiix^ntal 
work  lias  siibsi'iiiiuully  sliown  that  there  is  lui  law  coiiiii'i^t.iny  the 
boiliiiij-pviiiUt  of  subslaiH'eo  ainl  tlieir  i-om[«.),iitioii  jmil  ronstilution. 
Indeed,  it  wotiM  Ix!  moat  I'euiarkable  if  aiiy  siioli  law  did  exist,  since 
th«  boilitin-|iiiiiils  of  liijuiila  are  ihe  iKiiiiicraturtis,  inMisiiif.d  from 
the  frefiiin;-i"'iiit  of  wiiWr,  Jil  wliicli  tlieir  v:i|K)r-iiri'S»Hri;a  just  over^ 
come  the  atniosiiliurii-  iiruddtire.  These  boiliug-tKiints  ovidcutly  bear 
no  cloee  lelatiun  to  any  riiiubiiiirntti]  prO]>vrty  of  the  compound,  and, 
therefore,  arc  not,  strictly  spt'iLkiug,  comparublc  term [wrntii res. 

While  1)0  general Lzati a II  worthy  of  the  name  of  law  connects  the 
boiliug-poiuta  of  siibstJ.iiccs  with  their  composition  and  constitulioa, 
a  immlKT  of  relations  Iwtween  them  have  been  found  to  exist.  UitU 
mar'  showed  tliat  the  two  isomeric  substances,  ethyl  formate  and 
luethyl  aoctale,  do  not  have  the  same  vapor-tension  at  the  same  tem- 
perature, that  of  ethyl  formate  being  the  greater  throughout.  He 
gives  the  temperatures  of  e^jual  vapor-pres8iire8,  and  they  are  as 
follows :  — 


Kthyl  formate 
MMIif  1  aceUto 


20^         20'        3.1°        Aa,"        63' 
ai".;      3r.8     34'*.7      44'*.6      M'.i 


The  boiling-point  of  methyl  acetate  is,  therefore,  1ii),'1icr  than  tlaat 
of  ethyl  fonnatu. 

That  ixomeno  compounds  do  not  lioil  at  the  saatc  t«iiiii^rnUire, 
but,  if  thvy  have  similar  con.il  i  tut  ion,  l>oil  at  nearly  ttie  same  t«m- 
pcraturc,  is  shown  by  the  fuUowiuj;  ex^uples:  — 

Rt}lLE,Kf'raiVT 

Ooiyl  formitt^,    CtU„0, \Wf.l 

Hoptyl  acelalf,  Osn„0» Wl'.a 

Aniyl  buifmw,  CuHnO, I8I*.8 

Butjrl  valurat...   C,U„<)t IM*-* 

Kopp  siip]x»ed,  as  we  have  seen,  that  within  a  homologous  series 
of  compounds  a  constant  difference  in  composition  eorn-sponds  to 
a  constant  difference  in  hoilin^'point.  This  was  found  by  Schor- 
lemmer'  not  to  Im  true  for  the  normal  paraHino  hydrocarbons  and 
some  of  their  derivatives,  aa  the  following  results  will  show.  b.-p.  rep- 
reaents  the  boiling-point,  and  if.  the  difference  between  the  boiling- 
pointa  of  two  successive  members  of  a  homologous  series. 

>  LM.  Ann.  Suppl.  fl.  S2S  (1808). 
*  Urb.  A7,n.  161.  203  (18TS). 
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CiHio    . 
CbHu    . 


I' 

TO" 

BOf 

IM" 


SI* 

SB* 


CRiCI   . 

c,H»a  . 

C(il„Cl  . 


-U'.4 
TT'.B 


ar.o 


C,H,IlT 
C,U»Br 


lOO'.t 
IBS'.? 


a. 

3r.3 


CIT,! 
CiHiiI 


40°.O 


4. 

8a*.o 

str.o 

26*.8 


cmo.. 

C.H/) . . 

C»1I„0  . 

c,n„o  . 


tlT*.<l 

isr.o 


It  follows  from  th«3K  resiilU  that  a»  tlio  coiiiixmnd*  bc«unio  man 
M>npl«x,  th«  ilitltTrpiicii  lirtw«>>n  llie  boi  I iii|i. points  of  two  sucvcvding 
rnvmbors  of  u  humologuiis  series  Ix-vomoit  Irsii.  Ttiis  is  nlmt  we 
would  naturutly  ctxpvct,  since  tliu  Inrgt^r  tliv  iiiiuibor  of  citilwn  and 
hy(iro(i:"n  atoms  in  ttic  molccwU^  the  siDttUer  tlio  intluencQ  of  a  CUi 
gruiip  when  introiluced  into  tht'  ccim)>ouDd.  This  saino  relstion  is 
brought  out  hy  Zwickc  and  l''i'aiirliiiuont,'  though  perhaps  in  not 
quite  so  striking  a  iTiaiuipr,  in  cdDiioction  vith  th«  acids  of  the 
panUfino  serius  and  some  of  their  eaters. 


AoeUa  acid, 
Froptonlo  sold. 
Butyric  add. 
Valeric  Miid, 
Caprulc  acid, 


C(l(Cf>OII 

CttltCOOIl 

C,H,COOU 

c.HjCoon 

C»H„COOU 


(EnftDthylic  acid,    C«IIiiC00n    . 


BurLutu-Kum 


nr.o 

HtCd 
SOfi'.O 


BoiLiIe-rt-WI  o* 
KniTL  EtBaa 


77».0 

nr.e/ 

lai'.o/ 

^Sxsa'.o 

ie7».o 


J 


The  du^reiue  in  the  difference  between  the  boiling-points  of  suo> 
res^<ivc  nittnilwrs  of  homologous  series  of  eompouudii  with  increaAe 
in  complexity,  wiw  found  also  by  LinneinaiiH."  As  the  reHalt  of 
bis  more  ucciirate  investigations  he  concluded  tliat  "the  ilttTeKiiee 
buiwi-ctn  Ihu  boiling-points  decreases,  iu  most  of  the  serins  thus  far 
studied,  with  increasing  number  of  carbon  atoms,  at  least  among  the 
oarlior  mcnibunt  of  the  series." 


I 


■  Ucb.  Ann.  164.  S3S  (1672). 
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Tbo  vBtci  of  coDstitution  un  boitiiig-point  is  dearly  sliown  by 
tho  substiuibed  hydrocarboiiM  of  thu  lH^nz«n«  s«r>as.  If  »iie  hydro- 
gcu  of  the  bi'iizcuc  ring  is  BubstituU;(l  by  a  gri>iii>,  the  n'sulliiiK  coin- 
pound  has  s  <Iiffcrfiit  bui  tin  g  point  frcrni  its  iHinui^rin  com  pin  mil  with 
two  hydr«g«Q  atoms  in  the  bfU/A-nu  rinn  siibsl itiiti-il  by  two  groups, 
Wfaen  thive  hydrogen  atoniH  in  tlio  bciizvnv  ring  aro  snbstitiiU-i)  by 
three  groups,  the  compound  hits  a  still  different  boilini^-poinU  This 
is  seen  from  the  following  data  taken  from  the  work  of  Kopp :  — 


ft.-p. 

b.-p. 

K-p. 

C.H|Cl[t 

laa'-ias' 

yClU 

taif-uiy 

C*H«C.Hi 

lei'-iGS" 

>CH, 

lee^-iao* 

Cella-CH. 

les'.iw 

c,H.-c,n, 

/CH, 

lT5'-n8' 

yCttt 

C.H,-CH, 

les'-iM' 

Hy  eooiparin^  the  boiling-giointa  of  ittomerio  substaooes  Anclosed 
between  the  Kaine  horiuinlal  litie^,  it  iit  once  becomes  apparent  th»t 
constitution  has  a  niiirked  iulliience  on  boilitig-|>oiut  in  thiH  series 
of  hydrrx-aibtms.  The  larger  the  number  of  hydrogen  atoin-t  ittil>. 
slituted  by  grouptc,  the  higher  the  boiling-point  of  the  restiltlng 
OODi  pound. 

ITiftt  constitution  bus  a  marked  influence  on  l)oiliiig-]ioint  has 
a1«o  been  pointed  ont  by  Niiiinninn.'  His  pajier  dwiU  with  the 
hydrocarbons  of  Ihe  paratfine  MTii'S  and  some  uf  their  ileriviilive*, 
including  some  iilcnhols,  aliicliydes,  keUmes,  and  acids.  A  fi-w  meta- 
roeric  compounds  arc  taken  from  the  table  given  by  Naunmnn. 


Normal  pentan«, 
bopenUMi, 

Tctnmethfl  mrthino. 


38° 
30* 


cii».ri!..cii,.cii,.cn» 

CH, 

I 
CH.-C— on, V.6 

I 

CHi 
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NomMl  biHyl  alcobuj, 
iMbn^l  ftlcohol. 


cu..cH,.cn,.CErf)n..  .  n«* 

.    .    100* 


"j^>CH.CII,01l 


Seoonduy  buiyl  alcohol,  Cil. .  C)I, ,  CflOH .  CU* 

CII. 


Terti&r;  tiuiyl  alcohol, 


H,C-C— OH 8S°.6 

I 
Cllt 


The  noriniil  coniiHHiiids,  or  those  with  &  cliain1ik«  Btmotiirc, 
have  the  highest  bfiilint;-i)ciiiits.  The  larfcer  the  number  of  sid« 
chains,  tlie  lower  tlie  tM)iliiig-iK>iiit  of  llKi  coini>ound.  This  is  hoido- 
timrs  cxproiisetl  by  saying;,  the  morv  symnietrieai  the  rompouttd  the 
lower  its  boiling-]>oinL  Xaumann '  attempts  to  explain  th?  higher 
boiling-point  of  the  normal  compoimtls  as  d\ie  to  their  ehaiiUike 
structure.  The  moleeulcs  constructed  in  this  way  make  Ijctter  eou- 
toct  than  when  there  are  aide  chains  to  the  molecules,  and  the 
larger  the  number  of  side  cliaiua  tlie  jioorer  the  contact  between 
the  molecules.  The  better  the  coina^-t  betvreeu  tlie  molecules,  the 
higher  will  be  the  tenijjeriiture  required  to  tear  the  moleeules  aiiort 
aud  send  them  ofE  as  vapor;  conseiiHctitly,  the  more  nearly  the  roiu- 
jiouud  conforms  to  the  chain  structure,  ttie  higher  will  lie  iU  boiling 
point. 

In  the  light  of  our  present  couoeptions  of  stnictiu'C  and  of  the 
euerjiy  relations  in  .substances,  this  fixplanatioii  cannot  bo  very  sori- 
ously  consi(ien-d. 

We  have,  on  the  other  hand,  already  seen  that  Uiu  greater 
the  number  of  siilrati tilting  groups  in  tlie  benzene  hydrocarbons,  the 
higher  tlic  boiling>point..  This  ajiparent  di-icrejiaricy  between  the 
two  wrif^s  of  com]X)iindH  nved  ocuuion  no  great  suq»riBe,  if  wo  con- 
sider the  very  diSerent  constitutions  of  the  paruitinee  and  benzene 
compounds. 

Of  the  isomeric  substitution  products  of  benzene  the  ortho  com* 
pounds  in  general  boil  higher  than  the  meta,  and  these,  in  turn,  a 
little  higher  than  the  pai-a  compounds.  This  again  h  only  an  ap> 
proximate  relation,  to  which  many  exceptions  are  known. 

Effect  of  Certain  Atoma  or  Groups  on  the  Boiling-point  of  Liquids. 
—  The  boiliog-poiiit^s  (if  compouniU  atv  afffcted  with  wJine  regiihirity 
by  the  introduction  of  certain  atfjuis  or  grou|ui.  Thus,  tlie  introduc- 
tion of  a  chlorine  atom  into  a  methyl  group  raiites  the  boiling-point 
of  Uie  compound  about  G0°  to  Go'.    The  introdvctiun  of  a  second  or 

'  Btr.  4.  cAem.  OtnU.  7,  ITS  <18TI). 
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Uiinl  chlorine  atom  baa  a  much  lesa  marked  influence  on  the  boiling 
]>oiat.  This  is  shown  b;  acetic  aoid  and  its  chlorine  siibiititutioB 
produots. 


i-p. 

4. 

Acetic  aeM.  CIUOOOM 

MnnoeliloraccUc  add.  Cn,CICnoiI  .... 
UiolilontcoUc  >ci4,  CHCliCOOH        .... 
'WchloracelieaciJ,  CCljCtK.iH            .... 

IIS'.O 

67= .0 
D°.0 

A  ri-io  ill  ljoiliiit;-l"^"'it  '^  produced  when  chlorine  is  n.']jl«ef(i  by 
broiniiie,  and  a  8till  further  rise  wlien  bromine  ia  replaced  liv  iodinr. 

lE  should  ItQ  observed  thut  moat  of  the  relations  [loiiilMl  oat 
belwiH'u  builiii);-j)fiiiiljt  and  composition  and  conslitulion  aro  only 
n^-^iilaritie:(,  wliiili  lii>ld  in  a  turtle  majority  of  cases.  Kxcvjitions  to 
many  of  these  arc  not  wanting.  Tims,  hydrOKPn  rtijilaced  by  chlo- 
rine generally  means  that  tbi;  clilorine  snbstitutimi  product  will  boil 
higher  than  the  original  5»bslanc*i,  but  Ilcnry'  has  slinwn  that  when 
the  hydrogen  in  acctonilrilc  is  replaced  by  cliUirirn-  tin-  iiuniochlor- 
oitrile  boils  higher  than  tliP  original  0(»np<iiirul.  Wlu-n  the  second 
and  third  hydrogen  atoms  of  the  tiitrile  ari>  repli(Ci<d  by  chlorine, 
the  resulting  compounds  twil  lower  than  the  monwhlor  derivative, 
and  the  tricblornitrJlo  boils  almost  aa  low  as  the  original  nitrile 
itself. 


^.-p. 

b.p. 

CUiCN      .... 
CH,aCN  .... 

«1» 

CHCIjCN 

CCUCX  .... 

US' 

In  dealing  with  these  regularities  in  boiling-points  we  must  re- 
member tliat  they  are  only  the  first  approKimations  to  the  trath. 
We  should  scarcely  speak  of  them  as  geuerali nations,  unless  in  a 
very  narrow  and  imperfect  sense,  and  still  less  should  we  regard 
them  as  law*  of  nalurc.  We  should  consider  them  as  the  pioneer 
effort*  in  a  direction  which  some  day  will  lead  to  a  fundamental  and 
deep-wated  g<-n<-ralty.-iti<in.  whii-h  will  throw  much  light  on  the  int«^ 

I  intn-molecuhir  condition  of  matter. 


'  Btr.  d.  chem.  Otttit  fl.  TZi  (1878). 
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HEAT  OF  VAPOaiZATION 


Heat  of  VaporizatioiL  Methods  of  Determitiin^.  —  We  have  seen 
in  lliB  pi-ectsliu)::  aecliou  ibat  i[iiite  Jiffi-reut  lomijeraturts  are  ri;<|ii!red 
to  oouverC  dltferenc  Itquiils  into  vapor  at  th«  same  pressure;  the 
boitiiiK-poiutii  of  liquids  are  very  {Itlli-ri-nt.  We  sluill  nov  le^m  tliat 
very  different  ainouiitx  of  heat  are  required  to  oonvert  comparable 
quaiitii.ieK  of  liquid  iulo  va|>ar. 

Wlienttver  a  ]ii[utdiacoiivt!rt«d  inlorapor,  alarg^amoimtof  heat 
diMnp;>ear8  a»  ttticli.  A  part  of  thiit  is  coiistuioed  in  doing  work  iu 
drivii);;  biick  llie  air,  since  a  small  volume  of  liquid  occupies  ii  com- 
p;trattv<^l_v  large  volume  in  the  form  of  vajior.  The  uniunut  of  ttiis 
work  KOa  Ix!  easily  oalinilateil,  knowing  the  prenxure  nf  the  air  and 
th'r  volume  of  tlin  vapor  fcirinitd.  It  has  tieeti  found  that  only  a 
Binall  jKjrt  of  the  In'rat  tliat  disapjiears  in  vaiioriyiilioii  Ik  coiiHuniml  in 
dojnjt  fxtimial  work  ;  th«  Itir^-r  ])iirt  doca  internal  work  in  thu  Uqui«l, 
ttansforming  it  from  tlm  liquid  to  tJie  misitiiis  uondiliou.  _ 

In  niciiMuring  the  hvat  of  vaporization  of  a  liquid,  we  can  either  I 
mpasun^  tim  amount  of  hpiit  n-qnired  to  convert  a  givun  quantity  of 
tbo  liquid  into  vapor  at  the  siiniu  t«u)pvraturc  at)  Uiat  of  th<;  liquid, 
or  we  can  condense  the  vapor  to  liquid  and  measure  the  amount  oC  ■ 
heat  liix^ratcd  during  the  procvsa  of  condensation,  siuco  we  know 
that  the  lirat  libentt^d  in  condensation  is  exactly  equal  to  that  con- 
sumed in  vaporization.  It  is  far  simpler  to  measure  the  beat  Iiber> 
atcd  during  condensation,  and  this  has  be«n  done.  The  apparatus 
devised  by  Schiff '  has  some  advantages  over  that  constructed  several 
years  earlier  by  Borthclot.'  If  the  vapor  is  condensed  in  a  calorim- 
eter containing  water  at  ordinary  temperatures,  the  heat  given  up 
to  the  calorimeter  ia  that  required  to  vaporize  the  liquid,  plus  the 
heat  consumed  in  raising  the  liquid  from  the  temjierature  of  the 
calorimeter  to  its  own  boiling-point.  The  Iatl4>r  quantity  must  be 
subtracted  from  tlie  total  heat  as  mcHsurcd  in  the  calorimeter  to 
obtain  the  heat  of  vaporization  of  the  liquid. 

B«lations  between  Heats  of  Vaporizatian.  The  Law  of  Tronton. 
—  To  discover  any  relations  which  may  exist  between  the  heats  of 
vaporiration  of  different  substances,  we  must  deal  with  comparable 
quantities  of  substances.  It  is  most  convenient  to  use  gram-molecular 
quantities,  and  we  would  then  Iiuvh  to  do  with  molecular  heats  of 
vRporization.  An  extnmily  iiiti' res  ting  and  probably  very  important 
roUtioo  between  the  molecular  lie«t«  of  vaporizatioit  of  diffennt  stib- 

i  liti.  Ann.  SH.  33$  (ISSO).        *  Ann.  Chlrn.  F},s»-  [&].  U.  SW  <1S7T). 
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htanoes  waa  diaoorerod  by  Trouton.'  The  motecuhr  Iifata  of  vapor!- 
itiUion  are  proportional  to  Ike  abaolule  lemjieratHrea  at  which  the 
^ifuids  bolt. 

That  this  relation  is  very  nearly  true  ia  seen  from  the  following 
iata,  taken  from  the  work  of  Schiff.'    Mh  U  the  molecular  heat  of 
'vaporizatioti,  and  T  the  absolute  boiling  teuperature  of  the  substance. 


/ 

lloii.iirifrom 

Hkat  of 
VxraiiuTioR 

MA 
f 

^  KlliyllonnAle.  CtlliOt    . 

M''.6 

0^.i  Cftl. 

2(1.8 

^K  £ilivl  ao^Uto,  C(l)]Ut 

7r.o 

88.1   " 

SO.S 

^Bl'.Uivl  prupionatr,  UiiioUi 

WM 

77.1  " 

21.0 

^K>InlbTl  buwratc,  CnlliDll, 

>02'.3 

T7.3   " 

SO.fl 

Hj|«(hTl  Taknt*.  UH„0, 

iia-.3 

70,0   " 

80,S 

•xuiyl  valwaiB,  UiHhU,  . 

13*'.0 

(M.I   " 

SD.(I 

Ittotunjl  »oeUt«,  CiUiiOt 

nr.o 

60.1   ■■ 

20.7 

^K  iKoatnvl  iaobutvntc,  CiIluOi 

Ktt'.O 

fiT.O   " 

ao.6 

^Bdciiucop.  <.VIU 

6CyM 

iB.6  " 

vi.a 

^■ITolaMie.  C:K. . 

iir.s 

B3.a   ■' 

SO.0 

HoictoocTlcne.  C.Ilm . 

laiz-.e 

78.3   ■■ 

20.0 

^B  lIpAVtilcne.  CiIIii    . 

las.i 

71.8   '■ 

10.8 

^■(.'jiiiene,  Ci4H|t 

_ 

176°.0 

00, »   " 

10,8 

I 
1 


It  will  be  seen  at  once  that  the  value  of  - —  is  obtitined  for  any 

C<nn pound,  by  muUipljing  its  brat  of  vaporizalion  by  its  moli^culur 
ircigbt  to  oblairi  Uio  inulot;<ilEir  licat  of  vujxiriiation,  uiid  dividing; 
this  by  the  boiling-point  of  the  Hubstunc«  plus  273°. 

Thesff  rvsulto,  which  an  a  fow  taken  from  many,  show  to  within 
Khal  limits  the  lau-  of  Troutou  holds  good  for  tiK-se  classes  of  sub- 
slauices.    Ostwald*  has  c&lculatctl,  from  the  jneasnrcntonts  of  others, 

the  ratio  i— -  For  entirely  differvnt  claswa  of  subslaace* :  — 


XiliicRrid.  HNOi    . 

IBromlce,  Bri  . 
XUiyitoie  brouidc.  C,ll(Bri 
'Eihyl  bromliU-,  CtlljBr    . 
MMhyUnn  cbWrlde.  Cilia* 
Bulpfaur  d<Dxi>l«,  SO, 
iCyAiiuseii,  f,Ni 


BoIUlnl-POWiT 

ltr.IT  or 
VnroaiunoK 

T 

86* 

73.6 

ao.s 

tO" 

76.7 

SS.G 

ni» 

S3, 3 

31.6 

41' 

e7,2 

21.4 

40* 

(M.O 

30.  G 

-1S» 

69.0 

28. 1 

-21* 

Cfi.3 

ii.\ 

•  nW.  ifof.  H.  64  (1E»4).  ^  Uth.  Ana.  tH.  338  (1688). 
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The  tnoleculftr  beats  of  vaporization  are  expressed  in  units  which  1 
ue  one  hundred  tiuies  as  large  aa  tboae  in  the  above  table.  I 

The  law  of  Troutou  is  Uiua  Ahovm  to  bold  very  closely  for  a  I 
amnlter  of  olaaaes  of  Hiilmt^iiceH.  While  we  at  present  do  not  see  tbe  I 
fiiU  siKnilicaiioe  of  thU  riOaliou  lietween  heat  of  vaporization  and  abso-  I 
lubtt>(iilinK-i'">"t<'f  ^!'ubfllanoe,wt!  cannot  estcajie  tbe  oonviction  that  it  I 
is  tbf.«xprt^Hitto»  of  vvtnf.  principle  of  pixkfoiuid  aignibcance,  rannecttt^  I 
till'  I'wrify  rflatidiiM  .if  the  Hipiiil  and  Rastirtiia  states  of  aggregation.        I 

Heat  of  Vaporization  at  the  Critical  Point.  —  We  liare  seen  that  I 
the  crit.ii'.;!]  jmiiit  is  tliut  :it,  wiiidi  all  iJilTi?i't'ii(*s  iwtween  tbe  liquid 
ftnd  its  witiiratiil  viipcir  ili^appciir.  It  i.t,  iberefore,  necessary  that 
St  the  critica]  point  the  beat  of  vaporization  sJiouId  become  zerot  I 
This  has  been  vcrifin!  .xpiTinuititjilly  by  Mathias.'  He  dem«d  a 
constant  tenipcriituu'  mi'thiid,  iipplii^l  it  to  Jinlphurous  acid,  caj-lx)n 
dioxide,  and  nitrons  oxido,  and  showed  at  least  in  th..^  case  of  ciirlton 
dioxide,  that  at  the  critical  jmtit  the  Intent  heat  i)iva.t  of  vaporization) 
is  abimUtet;/  zero.  Tliis  is  another  interesting  condition  which  ob- 
tains at  that  very  remarkable  point,  known  as  the  critical  point  of  a 
liquid. 

SPECIFIC  HEAT  OF   UQl'IDS 

SpeoiSo  Heat  of  Liquids.  Hethods  of  I>etenuining.  ~  Just  as  the 
amount  of  heat  roquinrd  to  convert  coin]>Arablc  quantities  of  different 
liquids  into  vapor  varies  for  every  liiitiid,  so,  alito,  the  amount  of 
heat  ronNunind  in  riiisiiig  a  liquid  tbroii^h  luiy  given  range  of 
temperature  varies  fcimi  iin»  liquid  to  another.  The  relative 
amounts  of  heut  requiri^d  tu  r^usu  unit  quantities  of  different  snh- 
stanccs  through  tbe  sitnic  range  of  temperature  are  known  as  the 
specific  beats  of  the  substnnccs  in  question.  \Vater  is  taken  as  the 
unit,  and  tluf.  specific  heats  of  other  substances  compoied  with 
tbe  specific  heat  of  water.  The  amount  of  beat  required  to  raise 
tbe  temperature  of  one  giani  of  water  frora  0°  to  I'C.  is  termed  a 
calorie.'  1'be  quantity  of  heat  required  to  raise  tbe  temperature  of 
one  gram  of  any  substance  tbe  same  amount,  expressed  in  calories,  is 
tbe  specific  heat  of  the  substance  referred  to  water  aa  unity. 

Tbe  earlier  methods  of  determining  speelfio  heats  consisted  in 
bringing  the  substance  whose  specific  heat  was  to  be  determined,  at 
a  known  temperature,  in  contact  witli  a  substance  whose  s[iecitio 
heat  was  known;  the  temperature  of  the  latter  being  ditfereut  from 

'  Ann.  Chim.  rky:  C«].  81.  00  (181)0). 

*  Other  dcflnlUonn  of  ihc!  caloric  nro  nlvdn.  These  will  be  considered  ondoi 
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t  of  the  former.    The  resulting  temperature  was  deteriuined, 
aiid  from  these  daia  the  .sj>i>iiilic  heat  o!  the  substance  in  qiiesiion 
lOotilil  be  calculated.     Sinet-  w;itcr  is  taken  ax  Lhi-  tiiut  tti  iiieastiring 
spe<!ifiG  heatH,  the  subslanoe  in  <)ite«tioii  was  usualljr  mixed  with 
r  and  the  ri:?^ultinK  lenijieratiirc  detern^ined.     E*i'Oiii  the  Ti.itur« 
^thifl  niethod  it  ha.i  been  teriiiiH)  the  "  uit^lhod  of  uiixtureft.''     Il,  \» 
obviouH  th&l  »  niiiiiber  of  (-urii-i:!  toiiM  iiiii.it  tic  iiit  rod  need,  ns  in  all 
caloriiiietrio  meaHureuients,  for  tht!  Kin^itic  heat  of  Uie  veM«e1,  etc 
Bitnaen '  devited  an   ice-caluriiin'tei'  which   hax  lieen   listed   for 
iaea^unii>f  sjinoilie  heat^.     From  thi-  luiiount  of  ice  inelt^cd  b,v  R^lrcn 
quantity  of  any  suhxtance  at  a  drlitiilc  tcnipciaturi',  it  i$  easy  W 
oalculat«  the  s|>ecific  heat  of  tlui  Hub»tai)c«'.     It  is  of  conriie  noueji- 
lary  iu  luing  this  niethotl  to  know  the  heat  of  fusion  of  ice,  but  this 
hac  Iknmi  fairly  iwciirutcly  d«UTiniiicd  as  7D,7  onloricH. 
I        The  Specific  Heat  of  Water.  — Since  the  sjrmtii-  heat  »f  watvr  is 
^  takfiii  ii»  tliv  unit,   it   is  cii|K'uially  important  tiiat  tliis  <ivia»tity 
■  shuiiUl  b(t  most  ficciirat^ly  dulermined  at  different  tcnipcrntiirus.     It 
ms  found  by  R«giiniilt,  and  by  a  niiiuhcr  of  investigators  siui-o  his 
time,  that  the  sjieeihc  heat  of  water  is  not  a  constant  fur  dilfereilt 
temperatures.     Very  diffei-ent  resiUts  Iiave  been  obtained  from  time 
to  tini<"  by  different  experiment  era.     Some  found  that  the  s|*ecitic 
beat  of  water  increased  with  the  temiieralure,  others  that  there  weie 
irrcgalarities  at  about  i'  C,  aud  others  still  that  the  apecilio  heat 
doctoased  up  to  a  cert^n  teuiperatni-e  and  then  begiin  to  increase. 
Among  the  most  accurate  detenu  iuatioiis  of  the  apeciiic  heat  of 
water  which  have  ever  been  made,  if  not  the  most  accurate,  are  those 
of  Kowland,'    In  connection  with  hia  deternii nation  of  the  mechani- 
cal equivalent  of  heat  he  reiiiveMtifjatt-d  the  pi-oblem  and  found  that 
the  specific  beat  of  water  decn-uj*i^K  from  it'  C.  up  to  about  W  C,  and 
then  began  to  itii-rea»e  again.    Thi-  renultii  of  Rowland  are  given  in 
following  table,  toj^ther  with  l.ho.sc  more  I'eceiilly  obtaiuetl  by 
lin:»  — 


IliO>uiiD**  RnvLn 

LCdiii'*  Bactia 

V         ! 

^"~ 

[           i.ooei 

6'           ! 

LOOM 

i.oosr 

irH         1 

1.0010 

1.0010 

1 

li'        : 

1.0(K» 

1.0000 

90°      : 

0.00T0 

1                0.l<f>M 

«•      i 

o.m;s 

o.ooon 

»>»      ! 

OMt» 

;                0.1HHMI 

36'       : 

0.0961              1 

1.0003 

'  JVjW-  Aim.  Ml,  I  (1870).     '  Thu  il/rhanfttii  K'lHlmltnt  of  neiU,p.\i(>. 
•  i/(smtation,  ZUricb.  1»U& 
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Rowland '  Hays  in  conn«clion  witli  Iiih  results,  which  hIiow  that 
the  sjiwifio  lieat  ot  water  decreases  at  first  and  tlieu  lw){ins  to  in- 
tinaae  ■■  "  Howi^ver  remarkable  this  fact  may  be,  being  the  lirst 
instance  of  tlu^  ilt^reasn!  of  tJie  a)i«i'i&c  heat  with  me  of  temporaturo, 
it  is  no  more  ntuiarkahle  tliau  the  coutractioo  of  water  to  4**." 

Belatioos  between  Composition  and  Coiutitatios.  and  Specific 
Heats.  —  To  (U-tvriiiinr  wLnihi-r  any  simple  relations  exist  between 
the  composition  aiid  ctHiHtitutiuu  of  substances  and  their  specific 
beats,  we  must  again  d«al  with  uomjiarable  qtutntities  of  eulxttances. 
We  employ  gram-inoloctilar  qiiaiititifis  of  substances;  and  when  we 
multiply  the  specltic  IimU  of  the  siibstanoe  referred  to  one  Kram  by 
the  molecular  weight  of  the  siibstanoo,  wc  obtain  its  nnftrrular  hftiL 
The  molecular  hi-ats  of  a  number  of  homologous  series  of  eoinpounds 
hare  been  ealculated  by  Ostwald*  fioin  thvlr  epecifio  heats  as  deter- 
mined by  lEeis.'  The  molecular  heats  of  a  few  substances  will  be 
given  to  show  the  lelations  which  hare  been  obsorrcd. 


HouD.  Bm* 


Uu* 


HctbrUlcohol,   CH,0  31.1 

EUiyl  alcohol.     C,H,0  30. 

Propjrl  alcohol,   C|1I|0  40. 

Bniyl  alcohol,   CiHioO  60. 

Amyl  alcobol.    C(H|]0  00. 


Propyl  chloride,  CiH,Ct  91.4 
PWpj-1  bruiiiid«.  C,HtBr  33.8 
Propyl  Iodide,       CtH,I  M-S 


Formic  Add.  IICOOII  21. 
Acetieacid.  CK,CX)OH  S].< 
Butyr)atu:id,C|HtCOOIl    41.' 


1  Bensme, 
J  Toluene, 
;  EthyllwnKene, 
i  MnUtyleau, 


These  re«u1ts  show  that  for  liomolof^us  series  of  compounds  a 
constant  difference  in  comjiosition  (CH,),  corres|M)uds  itpproximately 
to  ft  constant  difference  in  nioU'Cular  heat.  The  molecular  heats  of 
the  tlircv  halogens  do  nut  differ  very  considerably,  yet  there  is  a 
■light  increase  from  the  ebloiide  to  the  bromide  to  the  iodide^ 

'  The  :Vr<7i  intful  Eiiuitahnt  of  Heat,  p.  ISl. 
'  Lchrh.  rf,  Ady.  Chem.  II,  y.  686. 
*  Witd.  Ann.  U.  U1  (1681). 
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The  effect  of  oonstituttoo  on  muleculiir  hc«t»  is  showu  hy  the 
^following  uonienc  aiiListaiiM-^ :  — 

Houo.  Hut 

»  Butyric  acid,  C,ll,*}, 17.4 

Itii-Iiuljrrli:  acid.  C(lI,Oi *T.iI 

f  AUfl  Rkobol.  Cill(0 HH.1 

tpn>)nlalil«l}it«<,CiH«0      ......    33A 

If  th«  consLitiittoH  of  isunieric  subsUnces  docs  not  diifcr  gi'cutlj, 
the  iiiolreular  lieals  are  not  very  ditTerent  If,  lioirevw,  the  iaonieros 
liare  miistitutiunft  which  are  va-iy  difTermit,  the  luoleculKr  houts  may 
differ  wtddv  from  out;  aiiothur. 

Th«  rvlatioo  bvtwcou  i.-<>inposition  and  spit-ifiu  heat,  which  was 
brought  out  by  th<'  work  of  Uci»,  was  sliowu  by  iSchiff '  not  to  ajiply 
to  all  classes  of  cuiiipounds,  Indeed,  a  marked  exception  n-as  ob- 
served in  the  case  of  the  esters  of  the  fatty  acids.  "  AU  Iht:  e»ler»  of 
the/all)/  acids  liate,  at  Ike  eame  temjiifraliires,  and,  therefore,  also  at  llie 
tame  abnolute  lemperatare»,  e»{aal  s}teci/te  lieata."  Ho  inTestigated 
som«  twenty -seveu  of  these  esters,  and  alao  a  number  of  other  classes 
of  ooiupounds,  im^luding  aroiualic  liydrocarbou.s,  fatty  aeids,  and  a 
number  of  alcuhoU. 

As  the  result  of  tbis  work  Soliiff  anntnmced  what  he  termed  a 
law*  for  all  the  eaten  havini;  tli<-  foniiiita  CJI^O,. 

"Eijual  weightit  at  etjtial  absolute  teaiperatures  have  equal  heat 
caqiAetlies." 

"Equal  voluiiirx  St  equal  fvartioTix  of  the  ab»olnt«  critical  tem- 
peratuie  havi:  iijual  beat  capacity/' 

The  ritbitions  birtwccn  specific  boats  and  comiwsition  and  consti- 
tatioQ,  likn  the  relations  between  boilinii-points  and  composition  and 
ititution,  must  bo  rcgardt-d  as  only  ttpproximatitius.  When  these 
titles  have  been  more  extensively  and  act-unitely  measured,  we 
may  be  able  to  arrive  at  some  wide-reaching  generalization,  con- 
necting specific  heats  with  the  chemical  nature  of  the  substances 
in  qttefltion. 

We  have  thus  far  .itiidied  some  lliermal  properties  of  liquids  — 
boiling-points,  heat  of  vaporization,  and  specific  beats.  Certain 
optical  properties  of  pure  liquid.t  will  now  be  taken  np. 


■  LMk  Ann.  9M.  SDO  iiW').    2(«cAr.  lAn*.  Chttn.  1,  370  (1^^)- 
*  Lirtf.  Ann.  S84.  S31  (1680). 
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THK  KKI-KACTIVE  l-OWER  OF  LIQUIDS 

Itefractioii  of  Light.  Index  of  B«fraction.  ~  Viiiea  a  ny  of  li;;;!!! 
passes  from  one  mcdiuin  into  tuioUii^r  of  diffnrt-iit  iti'ii.tilj-,  il  U  l»eiit 
out  of  its  course,  or,  as  wc  say,  nifriR-U-il.  For  lijjiii  passing  (toui 
any  given  niediuni  into  another,  thvre  is  »  constunt  reliilitni  l»'t««*H 
the  sine  of  the  angle  of  incidence  and  the  sine  of  tJu;  uiigW  of  lefruo 
tion.  This  ratio  is  termed  the  index  of  lefractiuii  of  tlie  siilistiuioc. 
II  we  represent  the  angle  of  incidence  by  i,  and  the  angle  of  rofrac- 
tion  by  r,  the  index  of  refraction,  n,  is  expressed  thus :  — 


M  = 


*io  i 
sin  r 


This  expresses  the  ind<>x  of  refraction  of  the  one  medium  with 
resjieet  to  the  otlivr,  and  i«  also  the  ratio  Ijeiwoeu  the  velocities  of 
moiiiicbroiiiatic  Ii{;ht  in  tlie  two  media. 

If  wu  choose  !S<)in6  mcditiui  an  tlm  ittandai-d  and  determine  tbe 
lndic(<s  of  refraction  of  utlior  media  in  terms  of  this  stantlard,  the 
results  will  \tc  coiiijiarabli-  with  one  another.  In  praotic^  the  air  ia 
cliosfo  as  the  most  <K)iivciii#nt  vtundard,  since  liyht  ia  ixutsed  tlitough 
the  air  and  then  through  the  medium  wltowj  refractive  power  iato 
be  determined. 

Several  nn-thods  linve  been  devised  for  dcUrrniining  tlie  refrac- 
tive ]>ower  of  liijuids.  In  one*  a  hollow  prism  is  Blled  witJi  the 
liquid,  and  the  amount  by  which  the  ray  of  liglit  is  bent  out  of  il4 
course  in  jiassiug  through  the  liquid  is  determined  Iiy  means  of  tho 
sjifctroiiieter. 

A  more  convenient  method,  esi^cially  for  nse  with  liquids,  is 
bM«l  ujkou  a  somewhat  dilferent  principle.  When  a  lay  of  light 
piissi's  from  ii  more  refracting  to  a  less  refracting  medium,  there  is 
n  limit  to  the  iinj^le  of  incidence  at  which  refraction  will  t»ke  place. 
Beyond  this  angle  tlie  ray  will  not  enter  the  less  refracting  mi-dium 
fit  3.11,  but  will  be  totally  reflected.  The  value  of  this  angle  depends 
upon  the  ruljitii'e  re fra«'tive  powers  of  the  two  media.  This  prin- 
cipli'  h.i.t  hi-i-n  maile  use  of  by  I^l^fl^ch*  for  determining  tlie  relaliTe 
refractive  powers  of  substances.  The  I'ulfrich  refi-aetometcr  consists 
essentially  of  a  rectangular  prism  of  strongly  refracting  glass,  on 
whose  horizontal  surface  there  is  a  small  glass  cylinder  to  reecire 


"  Pog^.  Ann.  H.  Ot  {IST.*!). 

^ZUehr.  /.   luttrumfalmkundt,  8,  47;  IS,  389. 

8W  (isesj. 


I 


i 


Zttekr.pli^.  ChoN.  U, 


I 


I 


LIQUIDS  Ul 

the  liquid  to  be  atudiod.  Thv  moiiochrom&tic  light  enters  the  liquid 
tiewly  parallel  to  the  horizontal  surface  of  the  prism.  Only  tboso 
rays  call  enwr  the  prism  from  the  liquid  wliose  angle  of  emergence 
19  less  than  tJte  angle  of  totiil  reflection.  The  apparatus  Is  provided 
a  telescope  ajid  graduated  circle.  The  telescope  moves  in  a. 
;«al  piaue,  until  it  is  jnat  on  tlie  border  beiwoen  light  iiud  dark, 
antl  in  this  way  the  angle  of  emeigence  is  determined.  Tlio  sin;  of 
ihiH  angle  depends  upon  the  relative  indices  of  refr.iction  of  the 
li<)uid  and  tlie  prism.  If  we  re]>re.'ient  tbi»  .iiiglti  by  e,  \hc  index  of 
refraction  of  the  liquid  by  n,  aud  that  of  tlie  prism  by  N,  we  Iulvc, — 

n  =  V^*—  siu*e. 

This  apparatus  has  a  number  of  advantages  over  all  other  forms  for 
determining  indices  of  refraction.  It  is  very  simple  to  use,  and  gives 
accurate  residts ;  it  requires  but  little  time  to  measure  the  refractive 
pow«t  of  any  liquid;  aud  a  sinall  quantity  of  the  substance  sufiices, 
since  it  is  only  necessary  to  cover  that  jwrtion  of  the  surface  of  the 
prism  enclosed  within  the  cup.  Itcfcrciice '  only  can  be  made  to 
Other  applicntions  of  the  Tulfrich  rofractometer.  The  refractive 
power  of  liquids  is  affected  by  temperature  and  wave-length  of 
light,  so  that  these  must  be  kept  constant  to  obtain  compaiable 
results. 

Sefraetivity  and  Dntntr.  —  A  number  of  formulaa  have  been 
proposed  coiiuectiug  the  index  of  refraction  of  a  substance  with  itji 
density.     Biot  and  Aragu  in  ISOG  proposed  for  gases  the  formula 

if*  —  I 

— -—  =  const.,  ha^ed  on  the  emission  hypothesis  of  light.     The 
a 

theoretical  foundations  for  tltis  formula  failed  to  exist  aftej-  the 

entiitsioii  hy|>olhi-sis  wa*  overthrown,  and  it  was  also  shown  by  direct 

ex)>eTtin«iit  to  lie  a  very  rough  approximation,  holding  oiUy  in  a 

limited  number  of  oases. 

Oladstoue  ajtd  Dale*  fonnil  an  empirical  expression  which  was 

very  inni^h  nioi-e  nearly  in  accord  with  experimental  results.    Their 

equation  i»,  — 


Londolt  •  t^ted  this  formula  at  different  temperatures  and  found 
I  that  it  held  very  closely  for  many  substances,     lie  also  applied  tliis 

■  I«  Rluic:   Zttrhr.  phy*.  Chrm.  10, 433  (1808). 

•  Ittil.  Tntm.  (LoiiU.).  1HW. 

*  Lirb.  Ann.  Suj-pl.  4.  1  (l*"")- 
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e(]uatioD  to  mixtim's,  and  fouiKl  that  it  held  inore  satis fiLC tori]; 
than  any  otlicr  formula  propositi!  iiji  to  that  tim<i. 

MUit  the  undulatoiy  thvory  of  light  wiu  i'stablisUod,  thvrv  was 
no  formula  bast^^  od  any  theoretical  foundation  vouiivetjn^  tliv  index 
of  refniction  with  the  deiisity  of  tlic  substancL^  This  was  fumislii^d 
independviitlv  by  II.  A.  Lorenta'  and  L.  Lorpnz.'  Lorcntz,  from  a 
nathema ileal  consideration  of  the  dectromagnctio  thcoty  of  light, 
deduced  the  eqiutioD  — 

whils  Lorenx  in  Copeidia^n  derived  tlio  same  fonnula  from  the 
iindulatory  tlicorj-  of  light. 

Since  the  formula  of  Lortiitz-Loreiw  was  [iroposeil,  innili  work 
luis  been  dono  (comparing  the-  rt-sulta  of  tliis  formula  with  thoRts  of 
the  formula  of  UladHtj^ne  and  Dnli-.  On  llw  whole  tJie  liitu-r  i'x[ire9- 
sion  seems  to  fit  the  farts  quite  iw  wpU  as  the  innrp  eimi}>titx  formula. 
Vufet.  in  188S,  and  Sutherland,*  in  lUSi),  furoished  u  Uicurftii'al 
demonstration  of  Gladstone's  law. 

(Jiiite  recently  another  expression  has  b«wi  i>roi>osed  connecting 
density  and  refract! vity.    Edwards*  8ug{(ctitcd  the  formula  — 

?^^  =  const, 
nd 

and  showed  that  it  held  apiiniximalely  for  a  number  of  compounds, 

over  a  considcrablo  range  botli  of  tciti]wraturt>  and  concentration. 

None  of  tlio  formuluJt  jiroposiid  agree  entirely  salisfaclorily  with 

the  facts.     Indeed,  it  is  not  at  idl  cerlalti  tliat  there  exists  any  tixaot 

relation  between  rcfructivity  and  dttnttily,  which  can  Ite  exprea 

by  a  simple  formula.     Of  the  formulas  propOMid,  the  simplest 

probably  on  the  whole  tho  best  is  that  of  Gladstone  and  Dale,  iwS 

Landolt,  —  . 

5^1^  =  const, 
a 

This  expi«s«ion  "~"     is  termed  the  specfA:  refrtutlvUy.    When 

tills  is  multiplied  by  the  molecular  weight  of  the  auhstanoe  4V,  we 
hare  the  molfmlar  rffriKtivit'i  =  M"-^—-     For  the  ])Uq>0S«  of  die- 

1  WM.  Ann.  B,  042  (liWO);  11,7*  (IftSO). 

■  Journal  ile  Fhys.  447  (1886). 

'  Fha.Mag.m.  HI  (ie«B). 

*  AtatT.  Choa.  Joum.  16,  62£  (18M)  ;  IT,  473  (1800). 
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covering  relations  betveen  the  lyrfractivities  of  substAnoes  we  mail 
compare  their  molecular  refiiuilivitim. 

HdatioDS  between  the  Holeenlar  Befraetivitiei  of  Sal»taiic«i. — 
The  relation  beiwfteii  refrai^livity  4H'l  i-omiMisitiiiii  h:is  Ih-i-u  t;iti:fiilly 
vork«d  out  by  LamlolL'  The  foltuwiug  result*  arc  lakeii  from  his 
papers :  — 


WaitT. 
pMtnlcacId, 
AceUe  acii), 


ii,o  . 

CII,0, 
C,H,Os 


PropioukiKiil,  C|II«(>i 


7.01!,: 


j.iM; 


7.M 
7.06: 


I  Urth;!  Alcohol,  CIIiO 
:  Klhyl  klcohol,  C^KtO 
;  Propyl  alooboi,  CaU,U 
{ Itutyl  alcahol. 
>  Ainyl  alcoliol, 


C,HuO. 


Ethyl  fumftte. 
Ethyl  nceuta, 
Ethjl  butyntte, 
Ethyl  tnlcratc, 


C1IT4O1 S0.8O, 

>0.3« 
C:.ll,t), ao-ifiC 

C.HuO, 61.38  < 

CtHiiOi M».20/ 


I 


Landok  conchided '  from  a  large  number  of  soch  data  that  the 
molecular  refraction  increases  a  nearly  constant  amouDt  for  the  com* 
aon  difference  in  composition  of  Cll^     T\ih  increase  is  at>out  7.60. 

Ill  a  similar  mannei-,  it  was  shown  that  the  molecular  refraction 
of  two  compounds  which  ditfer  in  composition  by  one  carbon  atom, 
is  about  5.  If  tliey  differ  by  two  hydrogon  atoms,  the  difference 
between  tleir  molecular  refr.ii^lioiis  is  2.6.  If  they  differ  by  an 
oxygen  atom,  the  difference  l)etiveen  their  molecular  refractions  is 
about  3  units,  and  so  on.  The  rtifraotion  equivalents  of  a  number  of 
the  elemenLH  were  thus  worked  out. 

Lanilolt  nliiiwfi!  that  thi;  n-fvaction  erguivalents  of  carbmi,  hydro- 
gen, aiul  oxygrn.  in  tbcir  compounds,  were  almost  exaol-ty  the  tuune 
AS  the  refraction  equivalents  in  the  free  statt'.  From  the  refraelioii 
njuivalenls  of  these  elements  he  calculated  the  index  of  refraction  of 
a  number  of  compounds  composed  of  carbon,  hydrogen,  and  oxy^n, 
and  com[iarcd  the  results  obtained  with  those  found  directly  by  ex- 
periment.    A  few  of  his  results  are  j^iven. 


*Pof9-A»m.l».  MS  (1801):  and  193.  I>0(>(18<M). 
*  n7ed.Jiin.lS3.  611  (ISSI). 
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Take  the  oane  of  etiiyl  alcuhol  CHgO.  The  refmctiot)  cquivak-nt 
of  carlxm  is  '>,  Uiat  of  lijdruKAn  1^,  and  that  of  oxrgpn  3.  Tlio 
molecular  raf ruatioii  of  etbyl  alcohol  would  be  calculated  thus :  — 

2x6  +  6x1.3  +  1x3  =  20.8. 

The  index  of  refraction  of  a  compound,  «,  is  calcnlutw!  from  the 
molecular  vefractioii  if.  and  the  deusiiy  D,  as  follows ;  /*  beiug  the 
molecular  weight :  —  » 

n  =  l+|/>. 

In  an  annlngotis  manner  Laiidult  calculated  the  indices  of  reftac* 
tion  of  otlit^r  Htibstancrs. 


M  C&UPbkT» 

n  roimit 

HMbyl  aleobol,  CH4O 

1.328 

I.3S8 

Edijl  aloohol,  CillgO    . 

1.3>i3 

1.901 

Propyl  kleohol.  CiftaO  . 

1.361 

1.379     M 

Foniilc  HRlil,  cn,Of      . 

LSfil 

1.S09    1 

Aoeilc  nv'ui,  ('ittiOt      .       . 

1.871 

1.370 

Priipionic  aoitl,  CaXt^.         • 

1.368 

1.3«r> 

tt[etliyt  ni-eUltC.  C(»«0, 

1.3G8 

1.309 

Kilitl  ftcctnlj',  C,ll,Oj  . 

1.3T3 

1.S71 

Mi-ltiyl  biitynii'',  CjUmO,     . 

1.3ST 

1.387 

Mulliyt  vftltrale,  Celi|iO»      . 

1.898 

1.393      _ 

Aldehyde.  C,El40  . 

1.336 

LS-IO     1 

Aoetonn,  CiKgO    . 

1.8A3 

1.367       ' 

The  close  a^n'eeiiieiit  between  the  index  of  reftaotion  of  «  largo 
niimlH-r  of  eoniponnds,  calculated  as  described  above,  and  B8  found 
ex]iirrinietitally,  led  Landolt  to  the  i.\>ncluHiou  that  the  nuHteuiar  re- 
frtKlion  of  a  compound  ia  ike  sum  0/  the  refraction  tqviiialenla  vf  (Ae 
ifti^mfnla  vrkii-h  enttn-  iiiln  the  etnnjiouwl. 

Laiidult '  alKo  conjjured  the  molecular  refractions  of  a  number  of 
metamerto  8ubNtauce.s. 


Propionic  ncld 
Methyl  ttccuii! 
Ethyl  (oruiMu 
Dutf  rin  ncld 
Rthyt  ar^tatA 
Vnlcric  ncld 
Methyl  bnt^Taie 


C,H,0, 

|C4H,0, 

I  c,n„o. 


a8,3a 

.20.18 
30.S3 
89.1T 
44J0S 
43.9T 


I  Fogg.  Ann.  US,  003  (18U). 
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The  molecular  refractions  of  mcUuneric  substancfis  do  not  differ 
very  considerably  from  onu  another.  TIrtc  uro  appreciable  <iiffcr- 
eucaa  in  some  eases,  but  even  tlieae  are  not  very  great. 

The  effect  of  constitution  on  molecular  refraction,  while  recog- 
niwd  liy  Lanilolt.  was  not  carefully  investigated  by  him. 

Effect  of  Constitution  on  B«fraotivity.  —  The  tirsc  ttystein&lk 
study  of  th«  effect  of  constitution  on  refructivity  waa  mad«  by 
Brabl.'  Gladstone  had  found  Diat  the  luotecular  refraction  of  a 
coit.<iideniliIe  number  of  certain  claAses  of  suhatances,  as  calculated 
from  their  c«in]>a«ition,  dilTere<l  considerably  from  the  value  found 
ex]>eriniMi tally.  He  observed  Uiat  these  coniitouiids  helon^ed  to  the 
benzene  wrii-ii,  and  tiit-ii  stvidied  »  lai'^e  nuuilx-r  of  Wn/.ene  derive 
live.v  Tlw'sc  showed,  in  R^nt-ral,  a  niiidi  hiulii'r  n-fract,ivity  thiin 
COnf^lHindcd  to  Uieir  eoni|H)sition.  Tln-jse  ubnornially  high  results 
wevH  evidently  due  to  the  prc«e;iee  of  the  benwiio  ring. 

Uriilil  ln-giiii  tile  stu<!y  of  the  effwt  of  constitution  on  n'fraetivity 
in  1<S78,  and  has  continued  his  vork  on  such  problems  up  to  the 
present.  Ho  found  that  carbon  atoms  united  by  "double  union" 
had  a  greater  infinonoe  on  refractivity  than  singly  united  carbon. 
This  is  shown  by  the  following  results  taken  from  the  papiT  of 
lirtthl.  The  saturated  and  corresponding  unsaturated  compound 
ar«  given  together. 


UoLitnL't^it   BicrAAfr 

noil  Ctwunn 

Itan. 

'  Allfl  Alcohol.  C>H^ . 
'li^pylalcotiol.  C,Il.O       . 
iV'pj'l  aldebjilt-.  C|I1<0    . 
Acrolclnr,  CiH,0       . 

bobuiyric  aclil,  CtlU^t     • 
M»ttixlaeryllc  acid.CtlltO, 

28.00 

27.  «t 

201 

8C.48 

33,07 

S7.80 
S&SS 
SS.2S 
99.M 
8C,G0 
33.W 

1.87 

0.3 

2.87 

0.08 
8.09 

There  is  n  differ«n«o  between  tlie  caleulateil  and  observed  molecu- 
lar refnicttuD  of  about  2  for  tlw  C(>in[)OuiutH  containing  one  doubly 
iini(4.iil  carbon  atom ;  tbe  r«fnictivity  btting  calculated  from  the  coin- 
position. 

BrUhl  also  studied  compounds  containing  two  and  three  doubly 
iinit«d  carbon  atoms.* 


<  Ufb.  Ann.  900. 13^(1300). 
a/fridKW,  180(i88O>. 
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CoHrODHDA  WITH  TwO  DolTBLT    USITKD   CaKSOK  AtuUB 


Vftterylene,  CjH,  .... 
WWIyl.  C',H„ 


Onairm 


StLT 
I5J0 


a4A 

42.1 


Dnr. 


4.t 
3.S 


i 


Encli  double  union  corresimnds  in  Uiese  substaooe^  to  about  3 
units. 

The  following  comjiounds  were  supposed  to  contain  three  double 
Dnionn :  — 


OnMTSD 

Dnr. 

Beniene,  CtHe 

HonocUoAeowne.  C«H«C1 
MonobromboiiMiw,  C«ntDr 
Aniline,  C,H,N 

42.3 

B0.7 
6£.8 

4«.a 

30.0 
4fi.l 

60;4 

43.& 

&3 

6:6 

5j 

Hi-re  the  three  double  unions  coi-respond  to  nbout  G  ni)it«  in  the 
molccular-i*  fraction. 

It  thus  sceins  tlisit  the  presence  of  a  double  union  lietweeii  ciirbon 
atoms  iu  a  compitiind  hta  u  constunt  influcnov  on  its  rcfriKllvv  iwver, 
and  if  timvv  is  mom  Mum  on«  piilr  of  doubly  unit«d  Ciirlion  stoms, 
each  doubli;  luiion  hiw  thi?  snum  iiiRiirncc  as  it  it  nlon«  w«e  preMtnt. 

Thi:  ciTwt  on  rt-friwtivitv  of  tiirlxm  atoms  uniti-d  by  Irijilp  union, 
as  in  acetylene,  was  also  studied,  A  pair  of  carbon  atoms  iinit^  by 
triple  union  raises  the  reftactivity  by  l.StoI.'J  units.  Carbon  united 
by  tripk' union  has  thus  a  slightly  smaller  influence  than  when  united 
by  double  union. 

Brahl  points  out  at  the  close  of  this  important  paper  that  reftao- 
tivity  can  be  used  to  throw  light  on  the  constitution  of  compounds 
of  carbon.  If  the  question  is  to  determine  whether  a  given  com- 
pound coiitnius  a  doubly  linked  carbon  atom,  it  is  only  necessary  to 
detenninr  its  refractive  power.  If  the  refvactivity  determined  ex- 
peri  inentidly  j^ees  with  that  calcnlated  from  the  eomponitioa  of 
the  molecule,  on  the  assumption  thnt  all  the  carbon  atoms  are  united 
by  tingle  union,  then  we  can  conclude  that  (here  are  no  doubly  linked 
carbon  ntonin  in  the  molecule.  If  the  refractivily  found  is  about 
tiro  units  higher  than  that  calculated  on  the  above  saauiDption,  then 
there  is  one  double  union  in  the  molecule ;  if  the  lefiactlrity  found 


I 


I 
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» 


is  about  four  unite  liigluT  tliait  tliat  culculated,  then  tiieixi  arv  two 
douUa  uiituns  in  tbo  iikiU'4-iiI«!  ;  and  so  vn. 

CoBCtitation  of  Benaene.  —  This  inctlKx)  was  applied  bj-  ftrtlhl  to 
beiiwoc.  W'c  have  si-ttii  I'li.tii  ii-siilij;  alroiidy  (tivcn  Uiat  the  molecu- 
lar rcfriurtii>u  of  bcnzonv  and  its  durivutivi-s,  an  fo\iutl  ex  per  itueii  tally, 
ts  nearly  six  units  biglier  tliun  the  muU-cuIar  refr&ctioa  calculated  on 
the  assumption  that  the  six  carbon  atoms  ari5  united  by  sin^'le  unions. 
Since  one  double  union  increases  the  maleenlar  rei'iaetioo  by  tiro 
units,  we  must  conclude  that  then?  are  three  double  iiniona  in  the 
bensene  molecule.  We  are  thus  led  by  the  method  of  tefraclirity  to 
the  formula  of  benzeae  proposed  by  Kekule :  — 


I 

K 

J 
I 

Ol 

U 


This  represents  the  molecule  of  benzene  as  containing  IhriHt  singly 
and  thma  doid)ly  united  larlKin  atoms,  and  on  thi^  wholo  is  probably 
the  nnwt  Bcnfrally  Hceepted  formula  for  bi'ti?.i-ni'  vrhich  we  have 
tip  to  tJie  pnjsent.  It  should,  however,  he  slated  hero  that  another 
]>hysirjd  i'hi-mi(:al  mrlliiKi  h:is  h'd  t.<i  i-xatrtly  thi)  oppo.site  oonuiusiun; 
viz.  tlial  ill  hi'ti/i'ni;  we  liave  alt  llie  larlion  ntonis  iiiiiti-d  by  single 
bouds.  It  is  iiiJ[Missibi«  to  decidr  at  luvspnl  betwi-cn  thrso  two  con- 
clusions, hilt  the  faet  that  suc:h  different  rrsiilts  are  olitainod  by  dif- 
ferent nielh(Hls  should  make  us  eaiitious  in  Hciviiting  iis  tinal  the 
Mnilts  oblaincil  by  any  om;  iiictlind,  Imwcvei'  reliable  it  apparently 
nsj  be.  OIndslone'  again  took  up  the  study  of  refraction  after 
Ilrabl'  had  published  his  earlier  work,  and  sought  to  obt^n  further 
evidence  in  reference  to  the  refiaction-cijuivalcnts  of  carbon,  hydi'o- 
gen,  oxygon,  and  nitrogen  inorganic  compounds.*  A  large  nuinlwrof 
organic  compounds  were  inveetigatod.  and  the  refractiou-equivslents 
of  a  numlier  of  the  elements  determined.  The  rcfraclaon-etjuivalent 
of  the  (III  Rroiip  wa-s  found  to  be  7.G3.  Th<i  refraction-equivalent  of 
kj^droRfiv  is  very  eloae  to  1.3.  Thei-efure.  the  refractinD-equivalent 
of  earbon  must  bo  very  nearly  fl.  Tn  tins  ftiumattc  hydrocarbons 
the  rufnu^ion-rqnivali>nl  of  e&i-bun  i.t  alKiiit  ii.  A  slJll  larger  value 
wa.i  found  for  cat't>on  among  Home  uf  the  higher  menihors  of  bomulo- 
guus  xtiTWi  uf  hydroearlx>u$.     Gladstone  also  worked  out  the  rt?frai> 

'  JbBm.  Chem.  S-x^  4B.  '-Ml  (1881}. 

*  LUfr.  AiiLiOa.  isa(lfti^..l;  «»,  I,  ass.  SOS  (1880);  aieH.M<Kt.Ber.n,&t. 

*  rn>c  Hot.  Hoe.  1881,  327. 
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tum-«qiiivHli;Dts  of  a  nutnbi-r  of  otltcr  (.■I«airaits.  Cbloriiit;  waa  found 
to  bn  9.9,  bromine  15.^,  uid  iodin«  24.5.  Oxygen  bftd  bt^n  shown 
by  ItrUhl  to  haw  two  values, — a  valao  of  &A  wh«n  in  the  t-iulxMiyl 
condition,  and  of  2.8  when  oxygen  ia  united  tu  two  otlur  atoms, 
tiladstuna  found  Ihu  value  2.9.  ^ttn.>gi.>n  vnks  found  lo  have  two 
\'aluct;,  4.1  and  fi.l  in  different  compounds.  The  tower  viduc  was 
found  in  the  nitrates,  and  the  liigher  in  the  oTganic  bases  and  amides. 
The  Iiigher  %'alue,  however,  was  found  in  the  majority  of  caecs. 

This  work  of  Cladstone  shows  conclusively  the  effect  of  covstitn- 
tion  on  refraotirity,  and  thii3  conlirnta  the  oonelusioDs  of  VrUhl. 
In  niadstoue'a  own  wonia:  **  Ttmse  optical  properties  ae«u]  capable 
of  deciding  with  pertaiuty  whether  an  organic  bo<Iy  is  a  saturated 
compound  or  not.  They  indicate  also  the  number  of  carlion  atoms 
in  thai  couilil.ion  whioli  is  generally  denoted  as  'doubly  liultGd,'  and 
they  give  us  a  clew  aa  to  the  mode  in  which  osygen  and  nitrogen  are 
eoinbiiicd. " 

In  later  iiive«tigatiuii8  liruld'  [winled  out  even  more  clearly  and 
eoncIusivAly  thn  (■fr<-ct  of  constitution  on  refraolivity.  He  laid  down 
an  tile  fuiidatiiental  law  of  refraction,  that  tlie  n'fnu!tivily  of  carbon 
and  hydrogi^n  varies  ac^'crding  to  the  wiiy  in  which  liny  are  ooin- 
binod.  For  any  given  combination  it  is  apfiwximal*iij  constant,  de- 
pendinjt  only  slightly  npon  the  con  figuration  of  tJie  alomii  in  the 
different  coni[)Oiinds.  Tlio  monovalent  cleinints  bftve,  on  the  Otlier 
hand,  nearly  constant  atomic  refractions. 

linihl  takes  np  again  the  question  of  the  constitution  of  benzene 
as  detcnniniHl  by  its  rcfnictivc  power.  The  most  accurate  work 
gives  a  nioleenhir  refractivity  of  25.03.  The  molecular  rcfriietivity  1 
calcnlati^d  for  the  formula  Ctll^  is  21.12.  The  difference  is  4.81.  1 
This  corresponds  to  S  x  1.60,  whiuh  nifans  that  there  are  three 
ethyleim  groups  in  the  benzene  molecule,  com^sponding  to  the  for- 
mula of  Kelcule. 

r  I 

He  then  Htudied  again  tlie  effect  of  the  acetylene  union  HI  on  ro-    I 

fractivity.  and  found  llnit  it  corresponded  to  2.02.  If  in  the  forma- 
tion of  lienzene  from  three  molecules  of  actylene.  the  three  triple 
unions  were  triuisformed  int"  nine  siufjle  unions,  then  the  molecular 
refraction  of  liquid  iK-n/ene  should  be  about  6.06  smaller  than  that 
of  thiee  molecules  of  acftyletie  gti«.  The  difference  as  found  was 
only  1.19.  Therefore,  when  at^ctylene  passes  into  benzene  the  triple 
unions  are  not  converted  into  single  unions. 


>  Utt>.  Ann.  »6.  1  (1886);  UB,  233  (1880).     ZtnAr.  phyt.  Ckcm.  1.  SOT 
(1887). 
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I  Bnthl  foun<t,  on  Ihe  other  huml,  tliat  wlicn  nn  acttyleae  union 
niR9  iDto  »n  ethylene  unitm  thein  is  n  deervase  in  tbv  refnictivitj  oE 
0.40.  Wlieii  three  acelylone  union!!  [i^s  into  three  ethylene  ouionsi 
tli«  decrease  jii  rufrattivlly  woiilil,  tliertfore,  be  0.40x8  =  1.20; 
and  this  i«  exjietly  the  diitt-n-nwi  bulwfjim  tlin  rofractivity  of  tUre« 
moluculetf  of  cihyleu«  and  tin;  niijlwiul*!  of  Ix'Tizone  formed  from  them. 
We  are,  tUcn^fore,  1m1  to  Ute  coiichisiou  lluit  when  three  molecules 
of  ocelyletic  fonn  a  molecule  of  benzene,  the  acetylene  unions  pass 
into  ethylene  unions,  thus:  — 

3HC=CH=3-HC  =  CH- 

»hich  is  the  Kekul^  formula  for  benzene. 

The  above  line  of  reasoning  is  so  clear  and  ao  satisfactorily  con. 
Srmed  by  exporimental  evidence  at  every  (wiut,  that  tJiere  would 
seem  to  be  no  esca])e  from  the  couclusion  were  it  not  for  the  cimfliiit- 
ing  resiUt,  which,  as  we  shall  see,  i^  fUraiiihed  by  another  physical 
chemical  method. 

Holecvlar  Kefraotion  in  General  an  Additive  Property.  —  An  the 
final  tt-ftult,  lip  to  the  jjivwul,  wliiili  h-M  hn-u  n-.whfd  by  thr  work 
of  Glatistoue  ami  e.-fiiwiuHy  of  Ifrilhi,  it  i.'uii  be  siuttrd  Ihatthc  iiiolec- 
ular  refraction  of  a  compound  i»,  in  general,  tbv^  sum  of  the  atomic 
refraction!)  of  tb«-  atoms  which  eiilt^r  into  the  niotvcuU-.  This  is 
only  approximately  true,  since,  a«  we  have  seen,  eonstihition  haa  a 
marked  inftuenee  in  some  eases  on  refraetivity.  The  atomic  refrac- 
tion is  appniximatttly  conittant  under  all  conditions  onlj-  for  the 
univalent  clemenU.  Oxygen  in  the  carbonyl  Minditinn  has  a  gl-eater 
ri-rraetivo  power  than  in  tho  hydroxy!  condition.  The  presence  of 
double  or  triple  lionds  in  the  molecule  incrcast'S  its  rcfractivity,  as 
we  have  Been  in  ethylene,  acetylene,  and  benzene.  That  constitution 
has  a  markftd  infiuence  on  the  refractivity  of  other  elements,  espe- 
cially nitrogen,  inw  lieen  shown  by  the  work  of  Drlihl '  and  others,  but 
i-eference  only  can  \w  matle  to  these  investigations. 

»  Atomic  Rfrfractioaa  of  Some  of  the  More  Common  Elemsnta.  —  The 
■ftlomif  refraction  I-  of  sonic  of  Ihi*  Ih-sI.  kiumn  vlemeiits  arfe  given  in 
the  following  table.  Column  I  is  taken  from  the  work  of  IJrUbl,* 
and  is  the  refractivity  referred  to  the  red  hydrogen  line.  Column  11 
contains  the  results  given  by  Coiirady,*  and  are  referred  to  the 
soditun  line  t>. 

iZ*#eir.i>ft|i».  CUnn.  W.  IPn.  330.  4tiT.  618  (18(16);  M,  378  (1997);  »,  677 
^(1888).     (Jiut.  ehUiu  ilfil.  M.  I  (18M)  ;  2S.  11  (188&). 
^1      1  y.it'liir.  phft.  OA^m.  7,  IDl  (1601). 
H      •  Ibid.  8, 210  (IIHWJ. 
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Cwbon  nnti«d  by  iJngle  boiul 

Uydro^vti 

llydroxyl  oxygcu 

Oxygnn  anlt«d  «■  lu  l-Uict    . 
Oirboiiyl  oxygen  ..... 
ftlirugcii  uiiiud  W  cartioii  with  one  bond 

Chlorine 

BtoDilne 

l<jdiu« 

EthylFiie  uniou   (  =  )  . 

Ao«(yl»nc  union  (=)  .... 


OULCU  I 
ittit  Ktdivaipi  Lvk 


I  103 
I.fiOtt 

SJKfl 
S.7flO 
6.014 

I3yt>08 

IJJ38 
2.220 


Oauair  11 

SMI 
1 .001 
1.&31 

i.eas 

6.037 

14.IS0 

l.VOT 


The  ntoiDie  refractiono  of  the  elmaenta  of  thu  first  and  second 
groups  of  tho  Periodic  System  have  boeu  diitermined  by  Ktuianni- 
kofl.' 

ROTATION  OF  THE   PLASE  OF  I^LARIZED  LIGHT 

Optically  Activo  SubrtanoM.  —  It  was  known  nearly  a  hundred 
years  ago  that  when  a  bciiin  of  polarized  light  is  passed  through 
certain  liquids,  the  plant;  of  polarization  is  rotated  or  turned.  Ttiia 
phenomenon  was  manifested  by  many  stibstaiiccj  in  the  crystalline 
i-ondition,  also  by  a  number  of  earbou  compounds  in  the  liquid  state 
and  in  solution.  We  are  concerned  here  only  with  those  oi>tically 
active  subsLancea  which  ai'e  liquid  at  ordinary  temperatures,  or  wbioh 
are  in  solution.  Some  of  tha  substances  rotate  the  plane  of  polarizjir 
t  ion  to  the  rii;!it  and  are  called  dextro-rotatory ;  others  rotate  to  the 
left,  ami  are  termed  I eevo- rotatory.  Dexlro-rolatioa  ia  indicated  by 
the  jilus  sign  (  +  ),  Isero-rotation  by  the  minus  sign  (— ). 

The  nmuberot  substances  whose  rotatory  powiu-con  b«cnaipiar«d 
has  inoriMsed  euormoufily  in  the  last  f<-w  yt-ars-.  Ititit  and  Scplx'vk 
pointed  out  in  1815  that  certain  organic  substanc-rs  h;iv«  the  [ww^r 
to  rotate  th«  plane  of  polarisation.  Oil  of  turpentino,  aD<l  sugar  and 
lartarieaeid  in  a<{ne(mi<  solution,  bavvthiiipropCTrty,  as  was  shown  at 
tliia  CM-ly  date.  From  this  tim<.>  to  IS79  tho  niimbor  of  optically 
active  substances  increased  to  .'KX),  while  to-<3ay  we  know  over  700 
subetAnces'  which  hav<!  the  {luwer  to  rotate  the  plane  of  [Kilariied 
li^ht.     Tho  reuon  for  tlic  euormous  activity  in  the  preparation  and 

1  Jiwni.  vrakt.  Chem.  [2).  81.  321  (imt). 

*Vor  furllicT  <l«biilii  ciMUult  tim  udiniralib  buok  of  Lnndolt!  Daa  epttaA* 
JirtliungirermVij/tn  arganUcker  Jtutnt/inirn,  Hi  pdilinn,  i&VH. 
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stud;  of  lli«se  optically  actire  substances  will  become  apparent  in 
lh«  iwxt  few  pag«s. 

HeasnremeDt  of  Botation.  —  The  instnituent  used  in  measuring 
the  riitaii-.iii  oi'  polai Ized  li^'ht  is  known  as  the  polarimeter.  A  beain 
of  white  light,  or  betWr,  of  monochromatio  light,  is  passed  through 
a  Niool'a  prism  and  polarized.  This  ia  then  passed  through  a  second 
Nicol'a  prism,  which  is  tunied  until  the  light  is  completely  <?xtiii. 
I^iishi-d.  Tlie  jH>sitioii  of  t!ie  second  prism  or  analyzer  is  then  care- 
fully nottst.  A  ^1ii8H  ttil>i>  c^)iiiaii)iii};  tliu  liquid  to  1h-  inveHti)intrd 
is  th<Mi  iiiKt^rtei)  in  the  path  of  tlio  polarlnL-d  lay  of  lt};lil,  In'twom 
the  two  Xicols.  The  iil.int-  of  pulari/tilion  is  rolnti'd  and,  conse- 
quently, t!»!  fidd  of  the  second  Nicol  is  no  longer  dnrk.  It  is  now 
m-ccssaiy  to  rotate  the  second  Xicol,  or  analyxcr,  through  a  giren 
angle  to  obtain  again  extinction  of  the  light.  The  angle  through 
which  the  analyzer  must  be  rotated  is  read  on  the  circular  scale,  aiid 
this  is  the  angle  through  which  the  plane  of  polarization  has  been 
turned  by  the  layer  of  the  liquid  used. 

The  rotatory  jxiwer  of  a  liquid  depends  chiefly  Upon  the  chemical 
nature  of  tlie  sulx>lance.  as  we  shall  see.  It  evidently  dejjends  also 
upon  tlie  thickness  of  the  column  of  liquid  through  whidi  the  points 
ited  ray  pa&scs.  It  depends  further  upon  the  wave<leiigtb  of  light 
and  upon  the  temiterature.  In  iiii-;i.*uring  thv  roLitory  power  of  a 
liquid  all  of  thtAe  fafturs  must  be  taken  into  at-count.  The  normal 
temiierature  chosen  for  -iiudi  work  i»  usually  20^  It  19  most  con- 
Teiiii'iit  to  11.11-  iLi  iiu'injcliriinintii'  light  that  of  the  niHliiuil  flame. 

Speotflo  and  Uolecular  Rotation.  —  Biot  drfinetl  Ihespccilic  nita- 
tion  of  ail  optically  active  liquid  as  that  produced  by  a  layer  a 
deeimeti-o  in  length,  or  if  a  solution  it  must  contain  one  gram 
of  ttie  active  substance  in  the  vohime  of  one  cubic  centimetre. 
But  the  density  of  the  liquid  must  be  taken  into  accounth.  If  we 
represent  the  spccitic  gravity  of  the  liquid  by  rf.  the  length  of  the 
eoltunn  of  liquid  expressed  in  decimetres  by  I,  the  rotation  to  tlie 
right  or  left  exprf-Bfied  in  degrees  by  a;  the  specific  rotation  A  tor 
a  definite  tem]ier.nnre  (I'O")  and  a  detiuite  wave-length  of  light 
(D  light)  is  expressed  thus: — 


This  specific  rotation  in  a  characteriittic  constant  for  the  compound 
in  question. 

in  order  to  discover   rehitiims  we  mtiHt  deal  with   comparable 
quantities  of  sulntancos;  and  preferably  with  quantities  which  bear 
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the  same  relations  to  one  another  as  the  molecular  weights  of  the 
substances  in  question.  If  we  deal  with  gram-iuolecular  weights  of 
substances,  the  observed  rotation  is  known  aa  the  inotvculai-  lotation. 
Th«  molecular  rotation  M  is  obtained  by  multiplying  the  spcciiiR 
rotation  of  the  subataJico  by  the  molecular  weight  m.  Since  the 
iniilecular  rotation  thus  obtained  is  very  high,  it  has  been  fomid  eon. 
ventL-nt  to  divide  this  value  by  100.  The  molecular  rotation  would 
then  be  calculated  from  tbe  specilic  rotation  aa  follows:  — 

1(H)  H 

If  we  are  dealing  with  a  solution  containing  p  grams  of  sabstsnce  in 
ft  volume  of  v  cubic  centimetres  of  solution,  and  I  is  tbe  length  of 
the  column  in  decimetres,  the  specific  rotittion  is  expressed  thus :  — 


the  molecular  rotation  thus ;  — 


nlJ 


.. III     av 
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Optical  Activity  and  Chemical  Coiutitutton.  —  The  earlier  work 
in  this  lield  had  to  do  with  the  discox-ery  of  compounds  whiph  are 
optically  aclivf,  nie  discovery  of  any  relation  between  optical  ao« 
tivity  and  t-liPiniual  compi.isitidn  and  constitution  belongs  to  a  later 
period.  I'astcur'  threw  much  light  on  this  problem  by  his  discov- 
ery that  ordinary  racemic  aciti  can  bo  broken  down  into  two  Qiodifi> 
cations,  the  one  turning  the  piano  of  |)olarization  to  the  right,  the 
other  to  tho  left.  If  a  solution  of  sodium  ammonium  raceniate  is 
evaporated  at  low  tejnperaturrsr  rhombic,  hemibedral  crystals  sepa> 
rate,  having  the  composition  Ka.Nn,.C,H,0,  +  -l  H/>.  The  crys- 
tals are,  however,  not  all  identical.  The  teti-ahedral  faces  on  some 
of  the  crystal*  are  iliftcrdnt  frtim  those  on  other  erystalti.  Indeed, 
tlic  rrjstals  diviili'd  thvniselves  sharply  into  two  classes,  the  one 
(Containing  di-xtrn-hemihcilral  faces,  the  other  lEevo-hemihmlral  faces. 
\V«  have  herp  euiuitianiorifhism,  as  in  the  case  of  quaitj;,  the  one 
crystal  being  tbi-  imtige  of  the  dther  in  a  mirror. 

The  two  kinds  of  crystals  were  separated  mechaniitally,  and  dis- 
solved in  water.  The  solution  containing  Uie  erj-stals  with  the 
right-banded  faces  rotateil  tin-  plane  of  ]ioIaii7fHl  light  to  the  right; 
those  with  tlie  left-handed  fiwvs  rotated  the  jilane  of  polarization  to 


>  Ann.  Chtm.  Pkyt.  {i},  Bt,  MS  (18*8) ;  «,  M  (IBM)  ;  81,  67  (1861). 
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the  Iftft.  In  Pasteur's  own  words :^  "When  I  had  iliscoveretl  tire 
bemihi:«)rLtin  of  a]l  Ihe  tartrales,  I  ijuiafciy  Ktiidivil  witli  t;a.n}.  the 
(iUHil>l«  iHinitATtrat^  (raceiiiole)  of  sodium  anil  (iiniiioiiium.  Itut  I 
saw  that  tlm  tittle  tetrah^ral  faoc«,  oorreitponding  to  tboscof  the 
isoini>r|ihoi,i^  tiirtrsUr*,  weri'  jilact-tl  relative  lu  tlit-  jiriii<-i]>iil  faeps  of 
the  crystiil,  »oi»«tiuiMi  on  tlie  rij^ht,  at  oUiiir  tiiiit-s  on  Ihv  left,  od 
the  rlifforcnt  CT)-«uila  whicli  1  have  ulttained.  If  thvsv  faces  were 
rpapwstivcly  prolongwl,  they  wonUl  givo  th«  two  nyininctrical  tetra- 
hodra  of  which  wc  have  sjMild'ii.  1  (■arcfiill)-  si'|iariitcd  the  lijjht- 
haoded  from  tliis  Wfuhiindtid  hcmthcdral  L-rystids.  I  ohsevved 
seporaUdy  tht-ir  solutions  in  the  |Ki]»riziug  apparntua  of  liiot.  and 
saw  with  surprise  and  doliuht  that  the  rijj;ht-handed  hemihedra] 
crystals  rotal«l  tho  {ilanc  of  {Milnrixntion  to  tlie  right,  and  tliai  tlie 
l«ft-haudud  crystals  rotated  to  t.h«  left  .  .  .  The  rotatory  power 
thus  shows  the  kind  of  asyininvtry  of  the  crystals.  The  two  kinds 
of  erystala  are  iaomorphous,  and  isoniorphous  with  the  eorrespond- 
ing  lartrabe,  bat  tho  isomorpliism  presents  itself  here  with  a  peciil- 
i»rity  thus  far  not  exemplifled:  this  is  the  isomorphism  of  two 
asymmetric  erystals,  the  one  being  the  imago  of  the  other  in  a 
mirror." 

In  a  later  investigation.  I'asteur '  decomposed  the  two  salts  ob- 
tained froiu  racemic  acid,  and  secured  the  two  oorrttspouding  acidsi 
which  he  Utrnied  dextro-racemic  and  lievo-ratiemic  ucids.  Tlie  d«x- 
tro-raceniic  acid  was  hIiowu  lo  he  identical  witli  unlinary  dextro-tar- 
tari<!  acid,  rotating  the  plane  of  polariuitiou  to  the  right.  The 
Invoraoemic  acid  rotated  the  plane  of  polarixatioii  just  as  much  to 
the  left,  aa  the  dextru  to  the  risht^  From  racemic  arid  I'asteur  waa 
thus  able  to  obtain  two  aeids,  the  one  rotating  the  plane  of  polarizar 
tton  to  the  right,  th<?  other  to  the  loft;  the  racemic  acid  itself  being 
optically  neutral.  He  wa*,  however,  not  content  to  stop  here.  If 
ntCAmic  acid  had  Itcen  broken  down  into  two  opticAliy  iu^tive  constit- 
uents, then,  when  these  couslituenis  wen-  brou^'ht  together  in  Ihe 
proper  proportion,  raeemic  aeid  should  be  reformed.  I'asteni'  mixed 
eoncenfctated  solutious  of  dextro-racemic  and  Igoro-raceniie  acids. 
Ileat  was  evolved,  and  crystals  of  raceniie  acid  separated  in  abund- 
ance. Instead  of  deitro-raceraie,  ordinary  dextro-tartaric,  acid  could 
be  used,  since  the  two  are  identical. 

In  this  way  an  optically  inactive  mihatance  was,  for  the  first 
time,  broken  down  into  two  optically  active  sub^tanoe^  which  ro- 
tated the  plane  of  polarized  light  to  the  same  extent,  but  in  tho  oppo- 


)  Anu.  Cktm.  Phft.  [2],  M,  tSO.         *  IbU.  [3],  S8.  CS  (ISfiO). 
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Rito  dirwtion.  Further,  thp  optictilly  inactivu  siibittAnec  was  formed 
again  by  mixing  solutions  of  tJie  two  uplii-ully  w^iirit  substances. 
From  thi'sc  rcsulta  I'luitciir  rrasoiird  iw  folliiwn : '  "  Am  tlie  aUnuH  of 
(be  dextro  acid  grouped  in  the  fonn  of  a  riijctit^haiidMl  spirul,  or  do 
they  stand  at  the  comers  of  an  irregnlxr  letralu-droii,  or  do  they 
eiist  in  some  other  dsynimetiic  arrungi-uicnt ?  We  iim  nut  ablu  to 
answor  these  ijucstioDs,  Kul  thcrit  is  no  doubt  on  this  point,  that 
an  aaytDinetric  ^onpin^  of  the  atoms,  eorrcspuiiding  to  nn  objvct 
and  lis  image  in  a  mirror,  must  be  present  It  is  just  as  certain 
that  tlte  atoms  of  the  lievo  acid  liave  exactly  tlie  opposite  arningo- 
ment  We  know,  finally,  that  raeemic  acid  is  formed  by  the  union 
of  these  two  oppositely  asymmetric  atomic  groupings." 

The  moat  iiaportant  advauue  of  a  general  character,  wliieb  was 
iotrodiieed  by  this  work  of  I'asteur,  was  the  clear  reeognitioii  of 
moUf^ilar  (ua/mmHry  in  the  structure  of  chemieal  tnoleciiles.  H« 
was  not  able  to  point  out  the  nature  of  thin  aiiymmetry,  since  the 
f»ei»  known  al  thai  time  in  reference  to  the  oonHtitution  of  optically 
at^tivc  nuWtjuices  were  far  Coo  meagre  to  lead  to  any  wide-reachiug 

jgaaoruli/atiiiii. 

|H  Theory  of  Van't  Hoff  and  Le  Bel.  —  In  Dm  period  following  that 
ID  which  tli«  wurk  oC  l'imt.(.nir  v.-:is  doni-,  iniirh  light  wa.S  thrown  on 
the  constitwtian  of  cliemiwi  eonnionuiis,  and  osiiecially  upon  tlie 
constitution  of  nrganiii  onmiMiinds.  With  this  newly  aequired  knowl- 
edge Van't  Hotf  in  Hunand  ntA  Li-  ltd  in  France  were  nblv  to  con- 
nei^t  optical  activity  wiUi  rhi'mit-rd  >oii8tiliitiii».  Van't  lIufTs  pa|>cr 
in  Dntcli  licurs  the  date  Rtipt.  5,  1S74.  Lc  Hel's  paper'  in  Kninch 
appeared  in  NovenilH-r,  1874.  Since  Lo  Hcl  did  not  go  as  far  aa 
Van't  lloS  in  advancing  a  detinitc  theory,  his  eoutributiou  to  this 
important  subject  will  be  taken  up  first.' 

7>  Bfl  fully  recognized,  from  the  work  of  Pasteur,  the  importance 
of  asymmetry  in  conditioning  rotatory  power.  "  If  the  asyotmetry 
exists  only  in  the  crj'statlincmuleeulc,  only  ihe  crystal  will  l>e  active  j 
if,  on  the  contrary,  it  belongs  to  the  chemical  molecule.  Die  solution 
of  the  substance  will  show  rotatory  power."  Since  the  latter  is  tlio 
case,  wo  must  regard  the  chemical  molecule  aa  iisyininciHo.  This 
w«  the  starting-point  for  Le  Itel,  In  compounds  containing  carliun 
the  CHUso  of  the  asyiunictiy  is  to  be  ascrilwd  to  Ihe  prtmeiice  of  a 
carbon  atom  combined  with  four  different  atoms  or  groups.     Le  Ret 

1  Jtetherfhrs  tur  la  iliari/mftrlr  laollfulntnt  p.  25. 
»  Bull.  Soc.  CAim.  [3]-  M.  33T  (187J). 

*  "Sur  Ivarclalioimqul  exUtrnl  ciiire  \va  torraa\i»  atoituiitr*  An  oaryiKOTgfk- 
aif|tioi  M  lu  pouvoir  iMUtotn;  de  loom  dimulutiain.'     Hid. 
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illiuitrat«ii  this  [>nn(-i|ilt^  by  moansof  ojit.ically  aelivc  !tul»t.anc«!>  knovii 
at  thai  liue,  and  hIiows  by  ii  nuinb'^r  uf  ^XMinpW  that  npTioally 
atitJTB  Cdin  [11)1  III  lilt  oiiiitiiiii  an  jLtymniiTtriv  r.irboii  atom,  i.e.  a  Oiirlx>il 
atiiiii  in  mmhiiiatioTi  with  four  ilifF<'ri-T)t  oloins  or  groiijiit.  Th<!  sim- 
plest exain|ilit  is  Inotii'.  (u.'iil,  ivhiHi  contains  an  aNyminrtric-  ntrbvn 
atnin  in  combination  with  hydrugcn,  hydroxy!,  iu«tliyl,  and  varboxyl, 
thua:  — 

n 

I 
CH,— C  — COOH 

I 
OH 

Lp  Bel  pointed  out  at  the  very  clos*  of  his  important  paper,  that  we 
nerer  obtain  by  direct  synthesis  the  dextro  or  the  ht-vo  aeid,  but 
■Iwaya  the  inactive  or  racemic  modi  R  cat  ion,  which  is  a  combination 
of  equal  parts  of  the  two  active  forma. 

Van't  Uoff^  also  pointed  out  that  in  every  optically  active  sub- 
stance there  is  at  least  one  carbon  atom  in  combination  with  four 
different  atoms  or  };roupR^oue  aitymraetrio  carbon  atom.  This 
lioida  good  up  to  the  prexent,  with  llie  fiossible  exception  of  one 
compound,  which,  according  to  Baeyer,  is  optimally  active  am)  dnes 
not  contain  an  a-synmiPtrie  cjirbnri  atom.  Tlie  compound  in  (juestimi 
ia  so  comjdi-x  that  ittt  coiiHlilulioii  cannot  lie  regarded  m  fiiiolty 
establishL-d.  and  it  may  yet  be  shown  not  to  be  an  exception  to  the 
above  generalization. 

Van't  HotT,  however,  went  much  farther  (li»n  stnijily  to  reco^iM 
asymmetry  as  the  cau«:  of  optical  activity.  He  nttempted  to  point 
out  the  pwrnctriml  configuration  whicli  is  probably  fundaiocDtal  to 
oarlxMt  coiii]iounds.  Titko  the  simplest  saturated  compound  of  car- 
Iwn  aiid  hydrogen,  OH,.  This  substance  had  been  shown  by  the 
vork  of  Henry  to  be  symmetrical ;  f.e.  every  hydrogen  atom  licars  ex- 
actly the  same  ralation  to  the  molecule.  By  what  geometrical  config- 
uration in  three  dimenstious  conld  this  fact  be  represented ;'  Plainly 
only  by  one,  —  the  regular  tetrahedron.  Tlie  ciirbon  atom  is  situated 
at  the  centre  <>t  :wr\\  a  tPtraliedrcm,  and  the  four  hyilrogen  atoms  at 
the  four  solid  aiitiW.  8uch  an  arrangement  is  symmetrical,  and 
aeoorda  with  all  nf  the  fa<rts  known  in  connection  with  the  compound 
CH,.     In  this  way  arose  the  theory  tif  "lite  telraii^dral  earbon  at»ni." 

In  every  optically  active  substance,  as  we  have  seen,  there  is  a 
earbun  atom  in  combination  with  four  different  atoms  or  groupo. 


*  Ltt  Chimk  ilaiu  r  Efpaet,    RnUcrdain,  1870. 
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The  carbon  atom  ia  aituat«d  at  the  centre  of  the  tetraliolron,  and 
the  four  atoms  or  gioiiiia  in  conihinalioii  with  it  are  Kt  the  four  iiolid 
angles  of  the  tetraheilroii.  This  arraiip-meiit  Is,  of  I'tmrse,  asym- 
uetriQ,  and  thus  we  hare  the  tlieory  of  "lAe  aagmmetric  tetnsAwlnu 
carbon  atom." 

These  simple  xug:ge»tioD«  lio  at  the  fonndiition  of  all  atenocJiem- 
iKtrv,  whioti  i.-t  one  of  th«  moNt  iiitereiHiii);  ami  iii)])<)rtu.til.  [ihuoot  of 
or^'anic  chnmi!ttry  ilunii);  th«-  l.-ut  (jtuirliT  of  il  rnnliiry.  We  van  KM 
at  ouoe,  \)y  wciiii.i  of  the  tetrahedron,  why  it  is  n<-C«)isary  that  alt 
(lie  four  Htom.t  or  j^roiips  in  comhioiitioii  witL  tliA  cCiUrid  i.-»rlxM) 
atom  should  be  diffureut.  If  any  two  iit.oiiis  or  jnxiups  an-  tb«  saini-, 
it  is  impossiblo  to  roimtruct  two  ti'trahi'ilra  which  cannot  he  Kii{>er- 
imposfd.  This  (t;iii  rctidily  lje  set-ii  by  inwins  nf  models.  If,  on  the 
OthvT  liaud,  all  foiir  atoms  or  groups  an-  dilTt;rciit,  then  two  ti-tritlwdrs 
containing  thvse  atoms  or  groups  arranged  around  a  crnlral  larbon 
atom,  will  nlways  boar  the  relation  to  one  another  of  an  object  and 
its  iiii.'tKH  in  a  niirrtir.  The  two  tetrnhcdra  woidd  represent  enanti- 
omorphou.s  forms,  titid  if  one  would  rotate  the  plaue  of  polar ii-Jitioo 
to  the  right,  lh<!  other  would  rotate  it  to  the  left.  The  theory  thus 
explains  why  it  is  necessary  to  have  all  four  of  the  atoms  or  groups 
around  thu  centiul  enrbon  atom  different,  in  order  to  have  optical 
actinty. 

The  theory  also  explains  the  very  iuiportant  fact  points!  out  by 
Le  Hel,  that  by  synthesis  we  never  obtaio  the  dextro  or  the  Isevo 
form  nloue,  but  always  a  mixture  of  both  forms.  Since  optical  activ* 
ity  depends  only  on  the  arrangement  of  the  constituents  in  the  mole- 
cule, from  Uie  law  of  probability  we  would  have  just  a.*  many 
molecules  formed  having  the  one  con  figuration  as  the  other.  For 
every  dextro-rotatory  substance  there  would  thus  be  an  equal  quan* 
tjty  of  the  oorreHpoudiiix  la-vo  coiHpiiutid  formed.  Here,  again,  iho 
theory  fuminhes  a  satisfactory  explauatiou  of  facta  which,  without 
itaaid,  art!  entirely  iuexpticalila. 

The  [iredeiiee  of  jui  asymnictrie  carljoii  atom  is  newssnry,  ax  we 
haTo  Men,  for  optical  activity.  The  converse  does  not  hold  tme. 
We  mriy  have  asymmetric  carbon  atoms  present,  and  yet  tlie  co«n- 
[louml  bi*  optically  inactive  This  fact  is  also  satisfactorily  explaini^ 
by  our  theory.  Tlii^  compound  may  have  more  than  one  asymmclrio 
carbon  atom,  lu  in  inactive  tailaric  acid,'  and  the  asymmetric  carbon 
atoms  may  equulixo  each  other's  influence. 

I  Inactive  tarUin'o  acid  i*  a  foortb  modifliutlion  of  tartario  acid,  and  Is  to  be 
dlnlngatslwd  ln>iii  dcxtro-lartarlc  *elA  on  the  ono  tiftnil,  nn't  from  liiivo  «ii  ;ho 
oOmr.  anil  troiu  mceinlc  acid,  a  infxiure  u(  tliese  twi^. 
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COOH.H.OH.C-C.OH.H.COOIL 

ii«  compouni]  i«  optically  inactive  and  cannot  be  broken  down 
optically  activQ  »iibstAiire§.  Th«  induence  of  tlie  one  catlwn 
atom  on  polarized  light  is  exactly  crjual  and  opposite  to  the  influence 
exert«?d  by  the  other,  hence  inaetivity,  Again,  the  cowipoiini!  may 
be  optically  inactive  because  it  ia  co[n]>osed  of  an  «<]»iinol(tcular 
rxtiire  or  a  dextro  and  a  iiBVo  substance.  This,  as  we  have  seen,  is 
case  with  raeemic  acid ;  it  ia  a  mixture  of  equal  parts  of  dextro 
of  lievo  tartaric  »cid.  Indeed,  we  never  obtain  one  Jielive  sub 
staiioe  directly  by  Hvuthetiis.  The  two  optically  opposite  varieties  are 
ways  formed  toother,  and  the  mUtiiie  of  these  two,  or  the  raceinic 
.ifi(-aLiou,  U  the  reaulL  We  have  a1rt;ady  seen  in  one  cast;  how  it 
possible  to  ubloiu  optically  active  varieties  from  a  raciMnio  mixture ; 
will  now  examine  nion>  elosely  the  methods  available  for  separat- 
ing raivmii-  moilifiiMticiu.i  into  tlipir  optically  ai^live  onnsliliic'iits. 

Separation  of  Optically  Active  Isomeres  from  Eacemic  Uodificft- 
tiOBS.  —  Thv  synthi^is  of  racemic  modilicationn,  or  mixtures  of  equal 
quantities  of  dextro  and  Iwvo  forms,  is  comparatively  simple  la 
many  <5wcs,  and  a  large  nnnibcr  of  sncli  ^lytillicses  have  been  rtfccted. 
It  then  remains  to  separate  thv  optically  active  iaomcres  from  this 
mixliiro.     Several  methoils  bavu  been  lused:  — 

I.  We  havp  seen  how  Pasteur  niado  use  of  one  method,  vix.  tliat 
flD  ^«  different  crystalline  forms  of  salts  of  the  two  active 

MhabUMM.     He  was  able  to  separate  the  crystals  mechanically,  and 
from  racemit:  acid  to  obtain  dextro  and  leevo  tartaric  acid. 

II.  A  second  methixl  consists  in  adding  to  the  mixture  of  the 
isomeric  components  an  optically  nctive  substance  which  will  com- 
bine with  them.  The  two  coui[K)nnd3  formed  may  differ  sufficiently 
in  properties  to  enable  them  to  be  separated.  They  may  differ  in 
Bolubility,  crj'Stal  form,  vapor  tension,  melting-point,  etc.  By  utili/- 
inf;  some  such  differences  a  uiimlic^r  of  raceinio  forms  have  Iwen 
pepwated  into  their  const ituen la.  Tln^  at^tive  allcaloidx  have  prtived 
Tety  useful  in  this  connection.  Pasteur  succeeded  in  H^i>i«ratinK 
iac«mio  actd  into  dextro  and  Uevo  (artarie  acids,  by  menus  of  wriaiii 
lietivv  alkaloids.    The  separation  was  effected  through  ihe  difference 

crystal  form  of  the  two  compounds  with  the  alhnloid.    Th«  free 
le  aiuds  w«ro  easily  obtained  from  the  compounds  with  the 


ni.  A  third  method  of  sejiarating  the  constituent*  from  a  racemic 
modification  consists  in  treating  the  mixture  with  certain  oi^nic 
forms.     These  will  often  destroy  one  of  the  active  modifications  in 
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the  mixture  and  leave  the  other.  Thus,  iwnicillium,  allowcil  to  act 
on  a  dilute  Hoiutiou  of  niaiuouiutn  rarem&te,  will  dc-stroy  tlie  dextro- 
roUlory  oimipoiiiid  aiid  leave  the  lievo-rotatory.  In  this  way,  of 
coarse,  only  one  of  the  active  modificationa  can  be  obtained,  the 
other  having  lieeu  destroyed  by  tlie  organism. 

ISy  Mieana  of  these  inetboda  of  aejiarating  racemio  mixtures  into 
Oj>tii-ally  active  ooiihlitiifiuljt,  and  of  eheiuical  synthesis,  we  can  pre- 
]>are  optieaJly  active  sidititamiea  in  tbe  lalxitatory,  and  a  large  number 
of  SHoh  coinpoiittiU  bavG  already  been  prejiared.  The  claim  of 
Pasteur  thai  o[ilii?ally  at-tive  Mubstaiiecs  oan  l>e  made  only  through 
the  agency  of  tJie  life  procetis,  <loea  not  seem  to  be  bonie  out  by  the 
factH.  In  his  later  claim,'  in  reply  to  a  criticism  of  his  riew  by 
SclitltynbtTijer,  lie  navfi:  "Ta  Ininnfurm  an  inaelivt-  subgliinc^  Into 
anotbrr  innftivf  itiil,iilttife  which  fan  \w  resolved  simnltaneoitiily  into 
ft  (Icictro  Mih)itnuoe  and  itK  corres^H'^ndin^  hievo  oompoimil.  is  not  at  all 
coinparnbk^  with  llu^  ptMnibility  of  Ivansfornitng  'in  inireliae  tttlmtantt 
into  n  fimjili'  (tctivc  tiihiiliiiicc."  Hi-rr  iiguin  the  view  of  Pastxtur  docs 
not  iind  (ccneriil  support.  That  nt^tivo  Kubi<tnnees  can  l)r*  imuln  in 
the  !al)i)riitory,  without  the  intervention  of  life,  is  Juki  as  iirrtjiin  aa 
that  organic  compounds  can  be  Bynthesiioil  from  deiul  matter  without 
the  interi'eiitioii  of  the  lifo  prnci^s. 

'J'he  theory  of  Von't  Hoif  and  Lc  Hcl  lias  proved  most  fruitful 
in  throwing  light  on  many  cases  of  isomerism,  which,  without  its 
aid,  are  entirely  inejiplicable.  It  has  also  suggested  mauy  new  lines 
of  work,  and  lias  probably  contributed  more  to  the  advanooment  of 
organic  chemistry  in  recent  times,  than  any  other  line  of  thought  We 
ncedonly  refer  to  the  work  of  such  men  as  \Vislicenus.'Hantxseh  and 
Werner.  V.  Meyer  and  Auwers,  and  Kiuil  Fischer,  to  show  what  a  tre- 
meudoUB  infliieuce  tliis  theory  of  the  tetrahedral  carbon  atom  has  had. 

The  Hypothesis  of  Guye.  —  The  theory  of  tbe  asymmetric  carbon 
atom  as  the  eaiifle  of  optical  activity  has  been  tested  quantitatively 
by  (iuye*  He  atteiiipt<-d  to  diaeover  relations  between  the  nature 
and  luagnitude  of  the  rotation,  and  the  nature  of  the  atonis  or  groups 
which  arc  eonihined  with  the  carbon  atom  and  occupy  tbe  cornera 
of  the  tetrahedron. 

If  we  aAHume  that  the  four  ^'alcnces  of  carbon  are  direclAd  toward 
the  four  solid  aajtW  of  a  WKular  tetralKiiriin,  the  »\x  planes  of  sym- 
metry of  the  conijiound  CH,  represent  what  Guyc  tflrmM  UiefifoNM 
of  nipiinntry  of  carbon.    When  the  carbon  is  symmetrical,  the  centre 

■  Cumpt.  rfiuL  SI.  Vi»  (ISTG). 

*  rrbrr  iti>  ft-'inmlirkr  Anonlnuny  iter  Atome  fn  organttfktn  MMtkvXen. 

*  Ccmpt   niul.  110.  :ii  (leoO). 
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of  ^-ravity  of  the  molectile  vUl  tie  in  at  least  one  of  th«  six  planes  of 
syiuuititry.  Wlieu  the  carbon  is  asymmetrical,  tho  centre  of  piavlty 
will  not  lie  ill  any  of  these  planes.  If  we  represent  the  diat-tiices 
frciiu  tlie  centre  of  (;ravity  of  the  molecule  to  eai:h  of  the  plane*  of 
syiiiradry  bv  di,  (/„  (I„  d„  <ij,  tl,,  respectively,  the  proilnel  ut  tliese 
six  values  ia  known  an  Uie  pnulnct  of  tuti/mmetrif.  Tliis  prixluct  is 
zero  wh«u  the  i-arlK>n  i»  syniuietrieal,  hut  has  different  values  as  tht 
asynimetiy  OifVera.  If  thttstf  iliffcri'nceM  are  regartletl  as  punitive  or 
neglttivo,  dept'ntlinjt  on  tli«  KJite  uf  eiu.-h  plane  on  which  they  occar, 
iJmi  product  "f  asymmetry  will  Ik?  [Hisilive  or  nefjative,  as  the  nuinher 
of  nc^utivt;  fuctoni  is  even  or  oild. 

Tho  hypolhwis  tuLvancwil  by  Guyo  is,  in  his  own  words:  "The 
protliiet  of  asyninirtry  cau  then  serve  as  a  meoiiun-  iif  tlm  asymmctiy 
of  the  caTi>oii,  an<l  it  is  but  natural  to  suppose  that  the  mtutory 
pover  undergoes  tho  same  variation  as  this  product." 

Gure  then  deduces  certain  eonse(|uvnees  of  this  hypothesis 
which  caw  bo  ttstcd  experimentally  :  — 

I.  Whenever  an  element  or  group  is  substituted  by  another,  and 
the  centre  of  gravity  of  the  molecule  remains  on  the  sumo  sides  of 
the  planes  of  symmetry  of  the  carbon,  the  rotatory  power  should  pre- 
serve the  same  sign. 

II.  If  by  the  substitution  the  centre  of  gravity  of  the  molecule  U 
removed  failher  from  the  planes  of  symmetry,  tlie  rotatory  power 

lid  be  increased.  If,  on  the  contrary,  the  centre  of  gravity  ap> 
tea  more  nearly  the  planes  of  symmetry,  the  rotatory  power 
ahnutd  decrease. 

HI.  If  hy  the  sulxdttution  the  centre  of  gravity  is  replaced  from 
one  Hide  of  one  of  ttie  planen  of  .'lyiuuietry  to  the  other,  the  rotatory 
power  iihoiilil  undergo  a  change  in  sign. 

The  n^tuainder  of  Guye's  first  ]>nper  is  devoted  to  the  discussion 
of  experiments  which  verified  thrse  thrw-  prinoiples.  By  varying 
i-  )jlft;-ji;illfli*B  of  the  atoms  or  groups  in  i-ombi nation  with  earl>i)n,  he 
tontS  vary  the  position  of  the  centre  of  gravity  of  the  molecule.  By 
increasing  the  mass  of  the  grttii[i  which  replaces  the  hydrogen  of  the 
earlnJX\l  in  wime  orgrmie  acid,  tho  ci'ntre  of  gravity  could  be  re- 
moved fiirtlier  from  the  prinripal  planes  of  symmetry.  The  rotatory 
power  should  be  increased  by  this  means.  Tlie  following  results  weio 
obtained  with  tartaric  acid : — 

Methyl  urtrvte +a.l4 

Ethyl  inrtmtA +  7.60 

Propyl  tartrate 4  13.41 

Imtrai;!  laruat* + 19.37 
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If  in  d(!xtxo-tartaric  acitl  each  Df  tlic  two  lijilroxvl  hydrof[Ca 
atoms  is  r>-i>I;u-i!il  by  lieiixxiyl,  wo  linve  n  group  uf  tama  17  stiljsCiluUd 
by  a  grou^i  of  iiiits.-;  121.  Tlie  <M*iiti'e  of  gravity  will  ]tt.t.<f  from  otie 
Bide  tc  tho  othor  of  n  plane  uf  symmetry.  Coiistiqtiently,  ililn'uiujyU 
tartarit:^  m;id  should  be  laevo-ioUlory.     Its  rcrtatioci  is  —  117.68. 

If  wc  now  irpliwe  the  hyilrog^n  of  <libi;iiw)yl  tartiuio  iicid  hy  Uie 
groups  methyl,  t-tliyl,  jiropyl,  butyl,  tli«  m!ii trc  of  gravity  of  the  molfr 
cule  will  lie  on  the  »aiiir  siilo  of  the  plane  uf  syinnu'tTy  aa  in  the  acid 
itaetf.  But  it  will  approai'h  the  plati*'  of  syinmetr}-  as  the  siihstitut- 
ing  group  iK-cimics  hwirior  and  heavier,  iind,  roiisequcDtly,  tlic 
amount  of  the  kwo  rotation  should  brcoiiie  le^a  and  less  aa  the  group 
which  replaces  the  hydrogen  booomeo  of  greater  mass.  The  facts 
accord  with  the  hypotliesis. 

MptliyMllx-iizojrl  tSTlnite  .        ....       —  S8.T8 

F.ihyklibcnt.DyI  tatinHc —60.03 

^ft  bobutylilllMTnssnyl  unraio        ....      —  41. US 

Sinoe  this  hypothesis  wss  proposed,  Gtiye  haa  carried  out  many 
and  elaborate  investigations '  to  test  its  validity.  The  result  of  all 
this  work  is  to  show  that  the  hypothesis  accords  with  the  facta  in 
maDy  directions.  Itut  it  is  only  a  partial  expression  of  the  truth. 
It  alone  is  not  sufficient  to  account  for  optical  activity.  In  addition 
to  the  effect  of  mass  on  optical  activity,  we  must  take  into  accouot 
the  relative  jxisition  of  the  four  groups,  their  mutual  action  on  one 
another,  their  eonjiguration.  and  tlie  chemical  nature  of  the  atoms 
themselves  which  are  combined  with  the  carbon  atom.  The  phfr 
nomenon  of  optical  activity  is.  then,  far  more  complicated  than  would 
a]))}ear  from  the  hypothesis  of  (iuye  alone.  This  hypothesis  is  un- 
doubledly  a  step  in  the  right  direction  toward  the  solution  of  the 
problem  of  optica!  activity  in  terms  of  molecular  composition  and 
molecular  structure,  but  it  is  only  a  step,  and  by  no  means  the  last  one. 

MAGNETIC   ROTATIOS    OP    THE    PLANE  OF    POLARIZATION 

Observation  of  Faraday.  —  The  observation  was  msidc  by  Faraday* 
that  many  substances  acquire  the  power  of  rotating  the  plane  of 
polarimtion  when  placed  in  a  magnetic  field.  He  first  worked  with 
glass,  but  soon  discovered  that  other  substances  possess  the  same 

'  Compfcwni  111,  745;  114.  173;  11«,  113.1.  1378.  1461.  14M-.  lift,  906; 
ISO,  lAT,  *ra.  0.33,  1374  (imm.lSSlli).  Ann.  Chlm.  Fligi.  [0],  U,  HO  (189S). 
Ouye  an.1  Chavnnno :   Compl.  rfnil.  118,  UM  ;  11»,  ««. 

'  Phil.  TiMni.  1S6.  1  {IM6).     Fogg.  A«n   66.  WS  (1840), 
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power  of  becoming  active  under  tlic  itifliiimeo  of  ma^elic  fore?.  If 
ihe  substance  has  a  rotatory  ["nvi-r  of  its  own.  tis  oil  of  turpentine, 
sut;ar,  taitaric  acid,  etc,,  the  effect  of  tbe  magnetic  force  U  to  add  to 
OT  Biibttact  from  their  spwific  power,  according  as  the  natural  and 
acquired  rotatory  povrers  have  the  same  or  different  signs.  Faraday 
found  t)tat  sub8tauc«s  having  vtiry  different  chemical,  physical,  and 
nieobanical  properties  become  optically  active  under  the  mn^-ii<^ltR 
infliicnce.  His  work  iuchided  solids  and  liquids,  acids,  alkalies,  and 
neutral  aubstances.  He  woiked  witli  solutions  in  alcohol  aiid  in  wa- 
t«r,  and  of  the  latter  class  lie  studied  some  ICO  exain)>le9.  He  found 
that  the  "exceediuf;  diversity  of  subutance  caused  no  escieption  toth« 
general  result,  for  all  the  liodiea  showed  the  pro|ierty." 

InveatigatioD  of  De  La  Rive.  —  An  investigation  of  tli<-  mafmetic 
rotatory  power  of  aubslaiicea  was  published  by  I)i?  La  Kivo'  in  1871. 
I{e  d<Tlcrniin«!d  the  magnetic  rotatory  power  of  HulMtaoces,  in  terms 
of  water  as  unity,  ami  found  that  the  in.t^iiettc  rotaUiry  power  <loe8 
not  have  any  relaticm  to  other  pbynical  properlii-«.  Hisc  iii  lem- 
poiatuie  diminished  tho  rotatory  jiower  of  li<[uid«.  The  rotatory 
power  of  a  mixture  of  two  licpiids  is  the  mean  of  the  rotatory  powers 
of  the  eoustitncnls,  when  the  two  liipiiils  do  not  act  chemically. 

Work  of  Becquerel  —  An  cliiboriite  invc!iti);ation  on  mstgnetic 
tory  power  wiw  carrieil  out  in  1877,  by  Utteijuerid.'  Ho  studied 
the  refractive  power  of  sub^uncfs,  and  discovered  certain  rela- 
tions between  the  two  properties.  For  the  subi^tances  of  a  given 
chemical  family  the  magnetic  rotation  divided  by  the  term  »"  («'— 1), 
11  being  tli6  index  of  refraction,  is  very  nearly  a  constant.  Becquerel 
studied  the  effect  of  tJie  chemical  nature  of  the  substance  ou  luag- 
iielic  rotitoiy  jiower,  and  concluded  that  the  chemical  nature  of 
8ubetauce.i  affects  directly  their  magnetic  rotatory  power,  aud  the 
different  elements  combined  in  a  compound  exert  their  own  iude- 
pcndvnl  infiuence. 

Investigations  of  Perkis.  —  The  most  elaborate  investittations,  by 
far,  in  the  tield  of  mu|,-uctic  rotation,  are  those  of  Perkin.  Jiis 
work  was  begun '  mon-  than  fifteen  yeaj-a  ago,  and  Ima  l)t*n  eon- 
tinuinl  nearly  up  to  the  prt-si-nt.*  IVrkiu  has  in  vest!  Ha'*-!  I  i-spiwially 
the  relations  between  chemical  comiiosition  and  coiiNlitution,  and 
magnetic  rotation.  He  took  the  moh-eular  rotatory  jKiwer  of  wster 
aa  unity,  and  compared  the  rot-abiry  power  of  other  subtitances  with 

I  Am.  C/itm.  nv".  [*].  M.  5  (ISIl).  »  7W«f.  [6],  U,  C  (ICTT). 

*J«arn.  i-ntU.  Chem.  [«!.  81.  481  (leSS)  ;   [S],  St.  1.2.1  (1885). 
tJourn.  rhrm.  .>«W.  49.  777;   H.  SOH  ;   «S,  .'.01.  006;   W,  061;  61,  887. 
800  i  es,  CT ;  GS,  Vi2, 815 ,  87.  i66  ;  69.  IVii  C16H0-IB90J. 
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it  Siitiiliirlj-,  tbo  spccifk)  rotatory  jiovrvr  of  u  sululaiice  Is  it« 
8pwili<:  ToUtioti  rvfcrrt'd  to  tUat  uf  w»tvr  under  exactly  iho  same 
coutbtions. 

A  few  of  tlio  results  ubtciiu<.si  by  I'crkiu  wilt  »}wif  vliat  rela- 
tions u-ere  discovered  by  him.  Tulcc  &nt  tbo  iuflucuiK'  of  Uie  C'H, 
group,  obtained  by  studying  bomologuus  svrivii  of  ouuipouudii. 


Fonnlc  aciil 
Acetic  kcid 
I'rupiuuio  acid . 
Ilutvric  iwld  . 
Metbyl  bnitniiJo 
KUiyl  bromiiie . 
Propyl  bniniiJe 
Methyl  Indliia  . 
EUijrl  Iodide  . 
Propyl  iodid«  . 


MoLKDUJt 

UMnma 

DUT. 

1^-11  lion. 

ijfii; 

0.008 

0.H37 

<.473 

1.010 

4.(1M 
6361 

l.SI)7 

i.tm 

1.006 

10.1)75 

ii.oeo 

1.006 

TberO  is  tJmS  viTy  nearly  a  oonslant  (lifforenoc  in  the  molecular 
tnacnKttn  n>tatii>ii  jinjil iici^il  by  tin-  oonxlunt  dillerenci!  itnomiKisilion 
of  ClI,,  wiipw  thfi  i'(mi|iniittil»  bav(^  similar  coiiHtitutinn.  This  dif- 
terenco  is  about  I.U^.  Tin;  otf.'it  "f  tfjiistitiition  on  niagnctiu  rota- 
tion L'an  bv«t  bv  seen  by  sliulying  isomeric  5iibslatici«s. 


MnUK.  Mmi. 

rrupyl  aki>liol ,    .    . 
.  bopropyl  nloohol .    . 
t>r»pyl  bromldo    .    . 
IxupKipjl  biumld*    . 

8.798 

4.010 

T.ooa 

\  Lwpropyl  cblorida 
f  Butyric  a^lA  .... 
(  Uobutyrii:  ^ii  .     .    . 

COM 
ri.1M> 
4.472 
4.4T> 

Tbcsc  rvsiilti!  sliovr  that  constlcutiou  has  a  marked  inflmnre  oa 
magnetic  rotation,  nnd  litis  a  different  intluenoe  in  cotQpounds  nf 
different  0(>tii|i<>»ition.  IVrkin  has  attempted  to  thn>w-  tight  on  a 
iniinlHT  i)f  iiitvK-Ating  <iui?stionB  by  means  of  the  Diagnetic  rotsti(»; 
metliod,  but  fur  furtluT  details  ia  this  connectiou  hiii  original  juipurs 
must  be  cousulttiiL 
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Work  of  Rodger  and  Watson.  ~  The  section  on  m&fcnfttic  rotation 
sliould  not  be  c!o<te(l  vilhout  lirief  referetu^e  to  ttie  WDrk  of  Rodger 
and  Watson.'  Tliey  uA^d  a  slroug^er  iiia);iu;t.ii-  fivld  aii<],  ponse- 
qnently,  luul  a  lar^ir  rotaliun  to  uiea»urc.  Thoir  work  consists 
uliicfly  in  luipTOving  the  aiijaiatiis  to  Iw  u.tt-d  in  sltxlying  inngDetio 
rotation.  A  f«n'  restills  wvn:  ohlnimul,  aii<t  it  in  to  bu  hojied  thst 
fartli«r  work  will  be  done  wiUi  tliv  strongi^r  field. 


MAGNETIC  PROPERXr 

Puaaugnetic  and  Diamagnetic  Bodies.  —  Faraday  *  found  that 
substanoPS  ia  ^nemt  dit-id«  themselves  iuto  two  classes  willi  n.-- 
spect  to  their  behavior  toward  a  magnet  Those  which  were  atl  inctod 
by  the  magnet,  sueh  as  iron,  coi>alt.  niekel.  inangaiiette,  ohromitim, 
pUtinuiD,  etc.,  were  termed  paramagnetic.  Thoxe  vhich  were 
repelled  by  the  magnet,  such  as  biMnutb,  tin,  meriMiry,  cop|>cr, 
ameiiic,  iridium,  uranium,  tuugHten,  etc.,  were  i-alleil  diaiiian^etia 

Th«  magnitude  of  lh«  atlraolivp  and  rcixdli-nt  furrcs  was  miras- 
iired  by  ]'liii;kiT.^  He  found  tliat  tht?  magnitudft  of  tliv  iittractive 
foroe  was  |iro[Kirtioiial  to  tliv  nuinlier  of  magnetic  niolevulr^ii  present. 

Work  of  Wiedemann- — Tin-  must  aomratr  work  which  has  been 
done  on  thr  tnagiii-tic  propfirtics  of  sub»tanr«s  is  that  of  O.  Wiede- 
mann.* He  mrasured  the  force  by  means  of  the  torsion  of  a  German 
stiver  wire.    The  specific  magnetic  attractico,  il,  is  expressed  tbos:  — 

A 

wliere  A  is  th<*  attraction  exerted,  B,  the  mass  of  the  substance,  and' 
C,  the  magnetism  of  the  electromagnet.  The  molecular  magnetism, 
M,  is  Uio  Kpi>cifie  ni:u;neii3m,  y.,  multiplied  by  the  molecular  weight 
of  the  substaiK-e,  m :  — 

Wiedemann  oonfino*^  tlie  condasion  of  Flucker,  Uiat  the  mag- 
netic attraction  is  proportional  to  the  number  of  molecules  of  dis> 
solved  salt.  (Ii;  also  uKi-d  different  Halts  of  the  same  metal,  and 
found  that  the  raoleinilar  niagiit-tic  attraction  was  the  same  for  tlie 
dilTcrent  salts,  if  the  miigni^tio  metal  was  in  ihe  same  state  of  oxida- 
tion in  all  of  the  salts. 

"  ZIwAr  ph^.  Chrm.  18,  3S3  (1*1(1),     Phii.  Tr<»nt~  IM  (A),  fi2l  0886)- 

•  Plui.  Trant.  1840,  1.     Poffy.  Jnn.  M.  SttO  (IMO). 

•  JYjfjr-  -^sn-  T4.  321  (I8l«). 

•  IM.  IX,  I  (1W&) ;  13»,  I"  (laSS).     Wittt.  Ann.  *>,  U2  (1887). 
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More  Recent  Work.  —  Henriehwn,  working  iti  part  with  WlcUgel,' 
awl  ill  [liirt  iilotii-,'  liii^ciriiM  out  :i  ihiiiiIkt  of  nifiisiircmeiit^oii  the 
nui;;iiHii)  pra|HTty  of  substaiiws.  Ik-  lias  sonii-whut  niwlilicd  the 
turMion  inotliod  of  Wivdcinanu,  and  lius  used  a  itumbcr  of  diamag- 
nctic  i<nhst«iici!«.  Atrcouling  to  hiin,  molccidar  luagnvHc  tvpuUion, 
at  IcitKr,  is  an  additive  [iropcrty ;  being  approximately  tlic  sum  of  the 
atoniic  ivpidsions.  Ct'rtaiii  const itutivu  inriuitices  maoif^t  theni- 
selves;  the  presence  of  doubly  united  carbon  seemed  to  increase  the 
diamagnetic  property. 

Certain  very  aiDiple  relations  between  tlie  atomic  mas«elio  »ttrao> 
tjons  of  nickel,  cobalt,  iron,  anil  iniin):^iie8<-,  ait  iilio«rii  by  aqueous 
aolutionit  of  their  compouiida,  have  be^-n  [Hiiiitnl  out  liy  Joger  and 
Stefan  Meyer.'    Their  uieaniug  is  not  at  all  apparent. 

Meyer'  has  published  a  uunibei'  of  pa[MT$  qiiit«  r^wntly  on  vari- 
OUH  phages  of  this  subject.  Iti  h'lA  most  rpccnt  conimuiiication  hfl 
(■oncludi'K  that  when  eontractioik  in  voUimt*  takes  plnco  in  compounds, 
the  [larumagnetiitin  liicreaees;  wheii  dilaliuii  oot\u's,  di<tiiutguaU«m 
increaaeit. 

SPECIFIC  ORAVITV    AND    VOLUME    ItKr.ATIONS  OF  I.IQril»S 

Specific  Granty,  Specific  Tolnine,  and  Molecular  Volume.  —  Ky 
the  specific  gravity  of  a  aubatance  l-s  iii<-aiit  the  mass  contained  in  a 
given  volume.  We  must  choose  some  sulistance  as  the  tinit  and  oom- 
pare  other  aubstauces  with  it.  Water  is  usiinlly  talten  as  the  unit 
By  a|ieoifiD  volume  of  a  substanoe  \s  understood  the  volume  in  cubic 
centimetres  occupied  by  a  gram  of  the  substance.  If  we  reprvsent 
the  spcoifio  gravity  of  a  substance  by  s,  the  specific  volume  is  equal 

to  -■     The  motfAiilar  volume  .Vis  tlie  specific  volume  multiplied  by 
the  molecular  weight  m  of  tlio  sulwtance :  —  ^ 

Methods  of  determininif  the  Specific  Oravit;  of  Liquid*.  —  A 
metbiiii  liir  iii't<Tminitig  the  spcfilic  gravity  of  a  liqiiiil  consists  in 
*eighiii.i;  ;i  solid  of  known  voliiinc  in  the  liquid  by  meatis  of  the 
Uohr  balance,  and  determining  the  lo^s  in  the  weight  of  the  solid. 
This  is  exactly  equal  to  the  weight  of  liquid  displaced  by  it.  Know- 
ing tlie  volume  of  the  solid  immersed  in  the  liquid,  ve  know  the 
Tolume  of  the  liquid  displaced  by  the  solid.     A  more  «oayenient 

>  WifJ.  Ann.  «.  121  (1884).  •  Ihld.  U,  83  (1807). 

*lhid.»*.  180  (1888),  *  Ibi-L^r-i^a  (ItiDU);  0S,83a(lBM]. 
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invtiiod  for  det«Tniining;  tlie  specific  gravity  of  a  liquid  consists  in 

\v«igliin{(  dirt-ctly  a  known  voliiiiie  of  the  liquid.     A  uuinber  of  forms 

of  vrsMls  hmve  bwu  deviKitd  for  deteniiiiiing  the 

Mliedlic  gravity  of  ]i(iiiid«.     Tlml  aUowii  iu  Fig. 

12  is  the  Ostn-ald   niodificnlioii  of  the  Sprengel 

pycnometiir. 

The  liquid  is  dravm  into  tlie  pycnonicter 
through  the  capillary,  c  This  appuniliis  ia  tlifn 
placed  in  a  constaut  temperatuii;  bath  and  brought 
to  the  temperature  desired.  The  liquid  is  brought 
to  the  mark  at  in  by  removing  liquid  fn>i7i,  or 
adding  liquid  to,  c.  The  pycnometer  is  weighed 
empty;  it  is  tbeu  filled  with  water  and  weighed, 
and  fioiilty  filled  with  the  liquid  in  question  and 
reweighed,  ImI  these  weights  be  «■„  u\,  and  iCj.  If  the  weight  of 
tli<!  <lisplaGed  air  is  &,  and  we  represent  the  specific  gravity  of  t]i« 
liquid  by  S  — 

«•,-«■,  + A 

Work  of  Kopp.  —  Relations  betwet^n  the  molecular  volumes  of 
certain  liquids  were  early  pointed  out  by  Kopp.'  He  found  that 
constant  differences  in  conitwsitiun  eorr^spoiKkd  to  constant  differ 
enoes  in  the  molecular  volumes.  Thus,  the  molecular  volume  of  an 
eihy]  compound  is  234  units  greater  than  that  of  the  corresponding 
methyl  compound.  The  atomic  volumes  of  a  number  of  the  elements 
were  worked  out  by  Kopp,  and  it  was  shown  that  molecular  volumes 
are  approximately  tlie  sum  of  the  stomie  volumes  of  the  elements 
present  in  th<^  molecule. 

Kopp's  latttr  investigations' ronfirmi^l,  in  the  main,  the  results 
of  his  earlier  work.     Take  homologous  scries  of  coui{>ounds :  — 


M01.(0ItL4> 

Vouna 

ItinaMno* 

Formic  acid,  ClljO, 

AMiic  3^'vl,  CJIt'^     ••...■ 

l*r«pioniv  acid.  (Ml^Oi 

Butyric  Bcid.  c:,lt|(l, 

Valeric  ncid.  Cillin^, 

Ftliyl  fonnfktir,  C,IU()|        .       .       .       ^       . 

Kthfl  •cfiaU),  CtH«i>i 

Kibylpropionste.  C[tI,«Ot 

Ethyl  t>uirrat«.  CdliiO, 

11  ,B 

8r<.4 

130.3 

S3  A 
107.8 
126,8 
140.1 

SI.7 
il.9 
91.3 
S&T 

2!.S 
18J 
83.3 

iUa.Amm.U,n(\Mi). 


■  Utd.  H,  I&3,  303  ()8&G}. 
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A  couHtant  ilifC^rence  in  coiu|>oaitioii  oorreapoads  to  a  coiistaDt  dif- 
ferenoe  in  niulwiular  volume. 

The  efTt^-l  of  ounsutution  ou  molecular  roluiiie  can  be  srlii  by 
■tudj'iii^'  iitoiueric  tubstauces.' 

r  AcMic  ftdii,  C|H«0) as.0 

I  Mottiyl  fonnitw,  C«H,'>t 0^4 

(  Elliyl  valeraU-.  C,Hu(>i 178.S 

I  Amjl  ncptftlr,  Cilli^Ot I7S.4 

{FMplixiiciicid,  0|il.O| H.4 

Kdiyt  (DniiMo,  CglltOi BS.8 

Ur'thj'l  ucclntc,  C(U«(^ M.8 

Iscrm^rio  substances  have  tbe  saue  specifio  volumes.  It  Bhould 
be  observed  that  these  detenu inatioiis  were  made  at  tlie  l)oUmg-|>oints 
of  tlie  Hquida  iit  tjuestion.  Kopp'  also  found  tliat  two  atoms  of 
hydrogen  and  one  atom  of  oxygen  can  replace  one  another  vltliout 
changing  tlie  molecular  volume.  Similarly,  one  atom  of  cart)Oii  and 
two  atoms  of  hydrogen  can  replat«  each  other  without  afFt^oting  the 
molecular  volume.  He  calculated  llio  atomic  volume  of  carbon  to  bfl 
11,  of  hydroRen  5,5,  of  carbonyl  oxygen  12.2,  and  of  hydrojcyl  oxygen 
7-S.  Prom  these  value3  Ko]ip  calcidatnil  the  molecular  volumea  of  a 
largo  numlier  of  liquids,  and  showed  that  they  agriM)  very  clomly 
wtlli  the  values  found  experimcubdly  at  the  boiling-points  of  tbe 
substance.?. 

Hor«  Becent  Work.  —  That  eonstitutlon  haa  an  influence  on 
molcculur  v(jlume  is  minUi  pmliabJc  by  thn  more  recent  work.  Buff' 
thought  that  carbon  1i:mI  a  htri/^tr  atomic  voUune  in  the  unsaturated 
than  in  the  saturattid  irimdition.  Thori>c  found  that  isomeric  sub- 
stances have  approximately,  but  not  exactly,  the  same  molecular 
Tolumss  at  their  boiling-points. 

The  conclusion  from  the  best  work  which  has  been  done  is  that 
molecular  volumes  are,  in  general,  additive,  —  the  sum  of  the  atomic 
volumes.  The  effect  of  constitution,  however,  maiiifeiiis  itself 
Mpcoially  with  carbon  and  oxygen  and,  consequently,  the  law  of 
Kopp  tliat  constant  differences  in  composition  produce  cipial  difF«r- 
encea  in  molecular  volume  is  only  an  ajiproxituation  to  ttk«  truth. 


^ 
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VISCOSITY  OF  LIQUIDS 

Uethods  of  determining  Viicosity.  —  Tlio  muthods  of  determin- 
ing thir  iniirr  fiidiuii  of  a  liipiid,  or  its  viscosity,  are  based  Upon  two 
principWs.     Either  a  solid  body  is  moved  in  the  liquid  and  the 

>  LM>.  Ann.  96, 171  (1866).     *  Z«e.  ett.  173.     •  LUb.  Ann.  Sqfil.  4,  ISO  <1M(>. 
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resistance  to  tho  ntoTcment  inoasured,  or  the  liquid  is  moved 
over  a  solid,  ils  through  a  capillary  tube.  The  best  tnctliods  are 
based  upou  the  sruoiid  {iriuciplc.  Delinitv  volumes  of  liquids  are 
allowed  to  flow  through  a  capillary  tutx^,  and  the  time  required  isi 
noted.  Tho  form  of  apparatus'  consists  of  a  bulb  attached  lo  a 
capillary  tube,  and  a  bulb  or  some  olher  form  of  vessel  at  the  other 
en<l  of  the  capillary  to  receive  the  liquid,  The  volume  of  tlie  first 
bulb  is  known,  and  the  time  required  for  this  volume  of  the  lii|iiid 
to  flow  through  the  capillaiy  is  determined. 

Work  of  Thorpe  and  Rodger.  —  The  most  eIat)orate,  and  ]ir<itKibly 
the  most  accurate  work  wtucii  has  ever  been  done  on  the  visi-usity  of 
lifjtiidii,  is  that  of  Thorpe  and  Rodger.'  Tlieae  autliors  review  the 
^^^torhich  had  alre.ttly  I)een  doue  on  viscuttity,  ami  then  disi^uss 
^^^H>wo.  Tb(t  aim  uf  their  iiivestigatJuii  was  tu  throw  light  on  the 
rebition  lietneeii  ttic  vi.siiosity  of  homogeneouit  liquids  and  tbetr 
ob^niieal  nature.  The  m<!tii<^1  was  to  nieaiture  the  time  required  by 
a  liquid  to  flow  tlirough  a  cajiillary  tiibo.  The  viseosity  (wuld  be 
meiisured  from  zi-ro  up  to  the  boiling-iwint  of  tho  liquid.  The 
formula  of  Slutte  was  uaud  for  caluulating  viscosity :  — 

7  is  the  cocffi'jient  of  viscosity  in  dynes  per  square  centjmctro ;  c,  6, 
and  t*  are  C(>n.-«tanti<,  varying  with  the  nature  of  the  liquid.  The 
viscositifts  of  .wmi;  seventy  liquids  were  mnuturt^i)  at  different  tem- 
jwcatiires.  To  diseover  quantitAtivc  rtilatiims  between  visfosity  and 
obemical  nature,  some  teinj)«raturcs  must  be  chosen  at  which  the 
liquids  are  in  eompaniblo  condition  with  respect  to  their  viscosities. 
Compariaous  won.*  made  at  the  boiling-points  of  the  liquids,  but  it 
was  found  better  to  usv  temperatures  at  which  the  rate  of  change  of 
the  visfosity  coefficient  is  thv  same  for  all  liquids  —  temperatures  of 
equal  slope. 

Comparisons  were,  therefore,  made  at  temperatures  at  which  -3 

at 

is  tho  same  for  tho  different  liquids.  In  all  homologous  series, 
except  the  alcohols,  acids,  and  diehlorides,  the  group  CH,  iucrea.<iea 
the  viscosity  coefficient.  Its  inDueuce  diminishes  as  the  series 
oacends.  The  comjiound  with  the  highest  molecular  weight  has  tho 
highest  coefficient,  among  correspoudins  compounds.  Au  iso-oom- 
jMnind  has  always  a  larger  coefficient  than  a  normal   compound. 

»ZIiMflr.j)Av».  Cft*tm.l,8te(18«T). 

'  l\^c.  Buy.  Sur.  Win.    J'>ur,  CA«m.  .9uc.  Tl.  MO  (IBOT).    Chm.XeM.n, 
12a,  13S  (IttM).     Ztichr.  plty».  Vlum.  U,  301  (liJM). 
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Alcohols  and  acids  give  ex^^pptional  resultti.  Constitution  tiM  a 
Riark<^(l  influence  ou  the  viacoaity  coefficient,  as  is  shown  l>jr  conijiar- 
iiiK  ■'uliirated  and  unsatuiatttd  ix>nipound3. 

If  we  compare  molecular  vi&eositiea  at  equal  Hlope,  we  find  that 
for  matt  xubAtances  these  can  he  calculated  from  Uiis  const»nts  fur 
the  atoms  lu  the  uiolecule.     Some  of  these  cooittants  are :  — 

UydrogHB 44.G 

Cntbon 3lfl 

Hydroxy!  oxygon likM) 

Carbudiyl  oxjikd IMO 

Chloriue  Su  niouooblorideii SGfljQ 

Itromiiia  in  nianobTDmides SttA 

Jodiiw  In  tnonolodldM 4S0Jd 

Double  llnkijie i9a 

King  gTuuinng 214.0 

The  effect  of  constitution  on  viscosity  is  shown  by  the  large  valui^ 
of  tlie  constant  for  ring'grouping,  double  linkage,  etc.,  and  for  the 
diSerent  valnes  of  oxygen  when  in  the  hydruxyl  and  carbonyl  coq- 
ditton.     Water  and  the  alcohols  present  marked  exceptions  to  any 
relation  thus  far  discovered  between  viscosity  and  chemical  nature. 

SURFACK-TKN'SION  OF  LIQUIDS 

Surface-tenaion.  Method  of  Ueftaoring.  —  While  gases  tend  to 
expand  and  increase  titcir  volume,  the  surface  of  a  liciuid  tends  to 
contract  and  occupy  a  STnallcr  volume.  This  poteDtaal  energy, 
present  at  the  surface  of  liquids,  produces  a  tension  which  is  known 
aa  surface-tension.  Any  force  wliich  tends  to  increase  the  sise  of 
the  liquid  surface  is  opposed  by  the  surface-tension  of  the  liquid. 

There  are  a  number  of  methods  of  measuring  the  surfaces-tension 
of  liquids,  but  of  these  the  most  convenient  and  important  from  the 
physical  chemical  standpoint  is  the  sonialled  capillary  method.  The 
heiKht  tij  which  the  liquid  rises  in  a  capillary  tube  is  determined, 
wid  from  this  the  surface-tension  of  the  liquid  is  calculated  as  fol- 
lows:  Let  A  be  the  height  to  which  the  liquid  ri.ies  in  a  capillary 
tube  of  radius  r,  D  the  density  of  the  liquid  and  d  the  density  of 
the  ga»  in  which  the  experiment  is  carried  out,  and  ^  the  acceleration 
of  gravity ;  tlie  surface-tension  T  is  obtained  from  these  values :  — 

T=  i  (/Ar  (/)  —  if)  (dynes  per  cm.). 

Belations  between  Surface-teniion  and  Compoiitioa.  —  Relations 
between  surface-tension  and  cumjfosition  were  pointed  out  in  1800 
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bj  Mendpl^fF.*  bat  mora  extended  inreatigatioDs  were  published  in 
18fi4  by  Wilhcluiy.'  H«  curnpared  ttie  capillarity  fioefficieuts  of 
sitbtttaiioes,  which  he  tcrniMl  u.  This  wiis  ubtniiiud  fruni  tho  con- 
sUDt  A*,  by  multiplying  by  i",  tho  specific  gravity  of  thu  liquid, 
and  dividing  by  2 ;  — 

Willielmy  found  that  an  increase  in  composition  of  CH,  dovs  not 

apprecialily  cb»n{^  tin:  viJue  of  « ;  — 

a 

M«th>Ulcohol £.43 

Eih}'l  Hlcoliol i.it 

Amy)  ftkuliid 3.  i3 

Addition  of  carbon  increases  tbe  ralue  of  n :  — 

a 

Alcohol.  CtlUO 1.30 

Ac«tonc,  r,H«0 U-IO 

ATn,vl«n<-,  C'lHio      •..•>.>•■.     1.75 
XyWiir.  C|U,o 3.T& 

Addition  of  oxyg«-n  increases  the  coefficient :  — 

a 

AceUioe,  CtU/* 3.15 

Ethyl  fumiAtc,  C|lt|0, 2.03 

LacUcKld,  Cillgr>, :{.m 

Inmeric  compounds  have  equ^  coefficients  only  when  they  hav« 
sinular  coti^titiitioit :  — 

f  Rihjrl  formate,  CjlIcOt SM 

I  MfUijrl  Miel«i«.  CilU'i* 2.^ 

r  Elbyt  butynU.  CdlnO, S.I>5 

lAmyl  [ortnkio,  CaH|,0, S.Ol 

An  extensive  inveatii^ation  on  the  ca]>illary  constants  of  liquids 
at  their  boiling-points  was  published  l)y  SehitI'  in  ISS'l.  He  rucoj;- 
uized  that  two  liquids  are  really  comparable  only  at  Iheir  critical 
tenipe  rat  urea,  but  critical  tempeiaturea  evidently  could  not  Ins  iiaed 
to  attidy  cajiillarity,  nini'e  this  di»api>ears  at  itueh  tern jie rati ints. 

A  iitudy  of  the  molecular  volumes  of  liquids  at  tb>-ir  boiling- 
points  tiaa  ftliown  that  Ihis  tcnii>erulure  repre«eut«  nn  unuiitgouK 
condition,  sinoo  a  constant  dillerence  iu  com]>ositioi)  corrvspouds 

1  Onpt.  r^it  M.  Hi ;  H.  in.  *  i^Vif.  Ann.  Ill,  44  (19U}. 

*  Lirff.  Ann.  SM,  47  (1$SI>.    An  «xiemive  1ilbllogn[iliy  ia  apiwiulcd. 
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wry  nearly  to  a  uonstAnt  (]iffort!iici!  in  molecular  voIuido.  Saya 
SciiilT,'  "Ttiix  ocmsiilcrati»n  has  K^it  inn  to  ohooMi  Uu:  boiling- point 
M  Uiv  U-ni|)enitnr<!  fur  vumjmriiiriti,  and  t<i  comparo  the  cftpillarity 
cODstiiDt»  (U'tnrmineii  lit  this  k^l^I>l■rlU^r^^■' 

Hi'  first  dt^tvnnincd  whotlicr  thcrt?  is  any  relation  between  the 
molcciitar  wt-ights  of  Eubstiincvii  and  their  capillary  constants,  by 
comparing  thu  constants  of  substanoftt  having  the  Eamo,  or  n«urly 
the  same,  molecular  weights  and  diSeri^nt  constitiUioD. 


Hou  vrt. 

ComLABin 

CoHTurr 

67.67 

6.0W 

6T.8T 

6l180 

Ally!  alcubol.    CitliO 

Acetutio,  C|1l(0 

It  was  found,  in  general,  that  for  substances  having  nearly  the 
same  molecuUr  weight,  the  constant  was  very  nearly  the  same. 

Those  compounds  of  the  fatty  series,  having  the  higher  boiling- 
point,  liave  the  larger  constant. 

Among  the  aromatic  comjiounds,  that  with  the  liiglier  boiling- 
point  has  the  smaller  constant.  With  respect  to  tlieir  inSuence  ou 
capillarity,  the  elements  bear  to  each  other  the  following  relatiom :  — 

C  =  2H;    0  =  3H:    C1  =  7H. 

From  tljesc  and  similar  data  it  was  shown  to  be  possible  to  calculate 
the  capillarity  constants  of  liquids  from  the  chemical  fonuiilas. 

SchifiTs  later  work  embraced  a  large  number  of  substances,  and 
he  also  studied  the  effect  of  temperature  on  surface-tension.  His 
later  worit  canfinned,  in  Che  main,  the  conclusions  from  his  earlier 
investigations,  but  some  exceptions  were  discovered. 

A  carbou  atom  is  not  always  eqiuvalent  to  two  hydrogen  atoms 
in  its  iullueuce  on  surface-tension,  but  in  some  eases,  a»  with  the 
fatty  acids,  may  be  equivalent  to  three  hydrogen  atoms.  A  ohiorine 
atom  is  generally  equivalent  to  seven  hydrogen  aloiiiN,  but  in  some 
cases  is  equivalent  to  only  six.  A  bromine  at4>m  Is  equivalent  some- 
times to  thirteen,  and  sometimes  to  eleven,  liydroj^cn  atoms;  iodine 
to  nineteen  hydrogen  ;  nitrogen  to  two  and  to  three  hydrogen ;  and 
so  on. 

From  the  above  it  will  be  seen  that  capillar!^  is  considerably 
aJFectud  by  constitution,  under  some  conditions. 

Molecular  Weights  of  Pore  Liquids  determined  hy  Keans  of  their 
Surface- tension.  —  The  d^^tcrnnnution  of  the  molecular  weight  of  a 
pure  homogeneous  liquid  is  to  be  sharply  distinguished  from  the 


( 


I 


>  Ltth.  Ann.  tSS,  CA  (18S1). 
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determination  of  the  molovular  wei){ht  of  ono  Gubstanct  diuolved  in 
another.  As  wv  ^hall  Mti-,  wt-  havu  fxcclleiit  tiictliotJs  for  luilviug  the 
latter  {irubWni,  but  only  one  partiiilly  Eatisftictoiy  mrtboi!  for  the 
fonner.  The  wurk  of  tlic  Iliiiigarian  physicist  ElHvds'  showed  tJiat 
the  rate  of  change  iii  surfat'cscncrgy  with  the  temperature  is  a  son- 
statit.  ir  y  is  Uk-  surl'iwii-tensioD.  s  the  surface,  and  (  tin-  twiiptTa- 
ture  lueasureil  from  Uie  critical  tcmperatiiro  as  lero,  w«  have  — 

dt 

That  the  formula  mti;ht  he  applied  to  different  liquids,  s  lit  taken  aa 
the  moteoular  surface:.  If  we  represent  the  iiiol<!inilar  volume  by 
.Vt',  and  n^i^ard  lliia  a.t  a  cubi^,  any  fave  uf  the  uube  will  be 
(Jtfv)'  =  »■     The  formula  of  Eotvos  then  becomes — 

where  (  is  the  temperature  of  the  experiment,  caloulaled  from  th« 
oritical  tem]>eratui'e  downward. 

Ramsay  ajid  Siiielda'  testird  the  alwvt-  formula  ex|ii'riniP!ilatly, 
using  a  number  of  Hijtiids  whose  molecular  volume.i  were  known; 
such  as  etber,  metbyl  foniuLte,  ethyl  acetate,  carbon  tetrachloride, 
beDzene,  ohlorofurm,  methyl  alcohol,  ethyl  al('oh<it,  and  aj:elicacid. 
Tliey  must  first  determine  the  value  of  y  for  eai-h  of  the  lii|uld&.  The 
surfatie-ti-nsidn  y  is  calculated  from  the  equation  y=  (  r/ij  (p~a), 
where  r  is  the  ra<liiis  of  the  eapillary  tubo,  A  the  hiright  to  which  the 
liquid  rises  in  thu  tube,  tj  the  aeodcration  of  gravity,  p  the  density 
of  the  liquid  :it  tlie  li'iii]wrat.ure  of  the  experiment,  and  a  the  density 
of  the  viijior  of  the  liquid.  The  value  of  h  must  be  determined  for 
each  liquid  over  a  considerable  range  of  temperature.  Tbe  apparatus 
finally  used  by  Itamsay  and  Shields  to  measure  the  height  to  which 
tliu  liquid  rises  in  a  capillary  tube  is  shown  iu  Fig.  I^. 

A  glass  tube  A  ia  fused  at  ita  two  ends  to  two  smaller  glass  tubes, 
B  and  C  and  the  latter  is  left  open.  Dia  a  closed  cylinder  made  of 
thin  glass,  containing  a  spiral  of  iron  wire.  It  is  fastened  to  a  glass 
rod,  and  this  in  turn  to  the  capillary  FO.  There  is  a  small  open- 
ing in  the  capillary  at  F.  The  capillary  tube  and  the  liquid  to  b« 
investigated  are  introduced  through  C.  and  this  is  then  drawn  out  as 
shown  in  the  figiii-e.  The  lube  is  then  connected  with  a  pump,  and 
the  liquid  l>oiled  until  all  the  air  has  been  removed.  When  tlie  tube 
contains  only  the  vapor  of  the  substance,  It  is  closed  by  fusion.    The 
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whole  apparatus  above  the  twbe  D  is  surrounded  by  a  vapor-jatket, 
tiirougli  whith  liquid  or  vapor  of  the  desired  tciupi^iature  can  cirou- 
Utt'  111  keep  the  teiii|ierature  of  the  inner  veseel  coustaut,  and  to 
briiij;  it  to  the  deairL-d  temperature.  A  magnet  //,  //  in  used  to 
raisu  or  lower  the  capillary  so  that  tlie  surface  of  the  liquid  iuslde 
tliu  Liibu  sliall  be  only  a  few  milliuietres  bcluw  iittt 
oi>eii  <-iid-  The  surface  of  tlie  liijuid  in  thu«  always 
brought,  tu  the  aauie  poiut  iu  the  eapillury  G,  uiid 
the  (liiumit«r  of  the  tube  at  tills  poiut  drtuniiiiicd 
ouce  for  nil.  The  height  of  the  li<p)id  column  in  tli« 
capillaiy  is  read  by  lueaiis  of  a  telescope,  at  a  dpfi- 
nite  Icrapcralure ;  the  Leni]M!rHture  vaiicil  aa  desired, 
iiiul  m-w  reatlings  mad«  at  given  inter%'id)i, 

The  results  ol>laiii«d  by  Rainsay  and  Shields 
sliowe'l  that  the  formula  of  E6tv6s  does  not  hold 
at  diHerrnt  tcmpcratun-s,  but  for  other,  methyl  for- 
mate, ethyl  acotat<',  carbon  tetrachloride,  beuzene, 
and  clilortwuzcnc,  the  following  equation  obtains:  — 

d  is  small,  Iteiug  on  the  average  alxiut  5*.  The 
4>quatiou  hold.t  for  these  Mibstnnees  to  within  a  few 
degrees  of  the  critical  ti'tujxTiiture.  The  average 
valuf  of  the  eoiistaut  for  these  8ub»tiiiiees  is  'J.1'2, 
varying  Ixttwccn  L'.04  and  2.22. 

Methyl  alcohol,  ethyl  ahohoi,  and  aretic  acid  pre- 
sent exceptions.  The  value  of  c  is  not  a  constant, 
but  varies  with  the  temperature;  therefore  y(Jtfr)' 
does  uot  vary  proportional  to  the  teaii^erature.  That 
|~H~|  this  may  be  true,  .1/  must  vary  with  the  ceui]>era- 
ture;  or,  in  a  word,  the  molecules  of  the.ie  sub- 
stances are  more  complex  at  low  tt-uipi'ratures  than 
would  correspond  to  tlie  aimpli-Ht  forniiiln,  luid  thuiio 
B  more  complex  nioletrules  break  down  um  the  t^tmpera- 

l.urH  risp!!.  The  snhstanees  which  give  the  normal 
constant  value  of  c  =  2.1'^!  are  assumed  to  have  tho 
gainc  molecular  weight  in  the  liquid  as  in  the 
giLstrouj  condition,  aince  as  the  temperature  apjtroaches  the  critical 
temperature  there  ts  no  change  in  the  value  of  the  constant.  This, 
in  most  cases,  is  the  simplest  molecular  weight  possible  for  the  sub- 
Stance.  Liquids  which  do  not  give  a  constant  value  of  e  with  change 
in  teiiiperaturd  are  known  as  "  aasociateJ."    The  degree  of  associar 
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tiou,  or  Ike  association  factor  x,  is  obtained  by  dividing  the  value 
2.121  bj  the  value  of  the  differential  c,  for  tiit  kKsociutod  liquid  at 
tb«  temperature  in  question,  thus :  — 

The  method  of  obt&iuiiig  c  for  a  noii-nsKoeiatcd  liquid,  and  for  an 
■ciiiLed  liquid,  and  x,  the  assuciatiou  f;iL-lor,  wil!  be  made  clearer 
'  ail  <'xam[dtr  takuii  from  th«  work  of  Katunay  ,iiid  Shields.' 
Take  first  a  iiou-tuisociat'ed  liquid — carbuu  bisulphide:^ 


y  at  19'.4  =  33.58 
Y  at  46'.1  =  29.41 


y{Mv)i  at  19'.4  =  516.4 
>.(iVp)*  at  4f.M=  461.4 


The  value  of  the  differential  between  these  two  temperatures  is  — 

dl  4C.1  - 19.4 

Bince  this  value  diffprg  so  slightly  from  tho  mean  value  2.121  for 
Boo^aaociatod  liquids,  we  coucludo  that  earbou  bisidphide  bt^lon^  to 
this  class. 

Let  na  take  as  au  example  of  an  associated  liquid  formic  acid :  — 

y(jViT)'  at  16°.8  =  424.4 
y(Mf)*  at  46'*.4  =  397.7 
y(Mv)i  at  79'.8  =  364.6 

Between  the  first  two  teuijieiaturea  we  have  — 

d[y(.W)i|^424.4-397.7^^^3t^ 
dt  48.4-X6.8 


dhimh  ^  397.7-364.6  ^  (,„„, 
dt  79.8-46.4 

Tlie  value  of  c  iliffera  greatly  from  the  normal  value  2.12  for  non- 
associntml  stilKtunfrRs,  and,  therefore,  the  moleoitlea  of  forniic  acid 
4r«  associated  into  complexes. 

)  ^McAr.  pAk«.  Chem.  I*.  4I»  (ISOS). 


It  still  remains  to  caIouIat<!  tbe  value  of  the  assooiation  factor  x. 
For  tbe  range  Uitneen  IC.S  aud  4G\4,  wa  have  — 


.=f?a|iy=3.6i. 

For  teinperatuw*  Iwtwceu  46°.4  aiiiJ  79"^  — 


The  molecular  weight  of  the  substance  in  the  liquid  condition 
obtained  by  luuitiplying  the  association  factor  by  the  simplest  moloo- 
ular  weight  of  the  substance.  The  molecular  weight  of  formic  acid 
between  the  lower  temperatures  is  3.01  X  46  =  160 }  between  tlw 
higher  temperatures,  3.13  x  40  =  144. 

As  tbe  temperature  increases  the  molecular  weight  decreases, 
showing  that  at  the  higher  temjierature  the  complex  molecules 
un(iei>,'o  some  dis.iocialion  into  simpler  molecules.  Itamsay  and 
Shielda'  determined  the  surface-tension  of  a  large  number  of  liquids 
at  different  teni()eratures,  aud  calculat«d  the  value  of  the  differential 
between  the  t«m|>eratures  used.  He  found  that  niatiy  liquids  gave 
the  normal  value  2.12,  whik*  many  others  gave  values  which  were 
much  smaller.  Among  the  former  or  nonmssoi'iati^l  liquids  are 
phraphums  trii;hiiiride,  etliyl  iodide,  ether,  chlwral,  ethyl  formate, 
ethyl  Hcctatir,  benzene,  rhiorbenjreue,  uitrobciizenc,  aniline,  pyridiwi, 
etc.  Th^  associated  liquids  include  tho  alcohols,  the  fatty  OCtdtf 
acetone,  phenol,  water,  and  tho  like. 

Tile  molecular  weights  of  the  associated  liquids  show  that  the 
molecules  of  such  liquids  do  not,  in  general,  contain  a  large  number 
of  the  simplest  molectilos.  Liquid  phosphorus,  however,  seems  to 
ooDtain  four  atoms  of  phosphorus  in  tbe  molecule  (F,),  and  water 
has  tho  moat  highly  associated  molecule  of  any  compound  studied. 
The  results  of  moasuremeuts  of  surface-tension  tihow  ttiat  tlie  molec- 
ular weight  of  water  at  0°  coiresiKind*  U>  the  formula  (H/)),. 
Wat«i  thus  stands  at  the  extreme  with  reaiiecl  to  its  moleenlar 
complexity  in  the  liquid  condition.  We  shall  see  later  that  most  of 
the  properties  of  water  are  exceptional.  They  are  usually  excep- 
tionally large  or  small,  placing  water  at  on«  extreme  or  the  other  of 
the  substances  with  which  it  can  he  compitred. 

As  a  further  test  of  the  accuracy  of  the  formula  y(iWr)'  =  c((  —  (/), 
and  the  ooustancy  of  c  for  normal  liquids,  a  number  of  esters  were 
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carefully  studied;  tUeir  snrface-tensioiiB  being  mPasured  from  10*  to 
to  2-10°.'  The  value  of  c  Cor  eight  esters  varied  from  2.(14  to  2.25. 
That  Uie  value  of  c  is  S]>proxtiuat«l7  constant  for  uormal  liquids 
seeius  thus  to  be  estalilished  beyond  question. 

In  tliis  method  of  determining  the  molecular  weights  of  pure 
liquids,  it  wm  assumed  that  the  molecular  weight  of  normal  liquids 
is  llie  same  as  in  the  gaseous  state.  Although  this  ia  an  assumption, 
itjfl  made  very  probable  by  the  fact  that  if  there  is  an  association  in 
iial  liquifLi,  the  same  number  of  gaseous  molecules  must  be  asso- 
ciated ill  the  liquid  luolecules  of  all  suob  substances,  since  o  is  a 
cou.ttaiit  for  all  normal  liquids.  This  is  extrenn^ly  improbable. 
The  asjiutnptioii  that  tht-ro  is  no  association  in  normal  li<tui(ls  is 
further  very  much  «trength<^nfd  hy  tlit;  fiict,  that  as  the  t«m|teTature 
TIMS  anil  approaches  thit  critical  temperature  tlii^rv  is  no  sign  of  any 
iMooiMion  of  thf  niiili'cules  of  micb  liquids  into  simpler  molecules  — 
the  valiit!  uf  r  remaining  constant  close  up  to  tht;  critical  ti'mpcra- 
tore.  This  i*  .scarcely  possible  if  thp  mulc<^iiles  of  these  subsljincca 
islst  uf  complexi-j),  since  it  is  almost  certain  that  such  complexes 
would  Utgin  to  break  down  Inng  before  the  critical  temperature  was 
reached. 

The  method  employed  by  Ramsay  and  Shields  to  calculate  the 
valnc  of  the  association  factor  x  is,  however,  still  open  to  some 
doubt.  Somewhut  later  Kamsay '  proposed  a  better  method  of  cal- 
culating the  value  of  this  quantity,  but  even  this  docs  not  seem 
to  be  entirely  free  from  objection.  The  surface-tension  method 
enables  us,  then,  to  distinguish  between  liquids  which  are  not  aaso- 
ciated  and  those  which  are ;  it  probably  makes  it  possible  to  deter> 
mine  very  roughly  the  degree  of  association,  or  the  number  of  the 
simplest  molecules  combined  to  form  the  liquid  molecule. 


DIELECTRIC  CONSTANTS  OF   MQUIDS 

Th*  Di«l«ctric  Coiut«at«  of  Borne  of  the  More  Common  Solvent*.  — 
The  dielectric  constant,  or  specific  inductive^  capacity  of  liquids  has 
teoently  acquired  a  ven-  special  interest  from  the  physical  clu'raical 
stsadpoiDt,  duo  to  a  relation  which  is  supposed  to  exist  between  this 
property  and  the  power  of  liquids  to  break  down  molecules  into  ions. 
This  lelation  will  l>e  taken  up  later,  when  the  dissociating  power  of 
different  liquids  is  under  consideration. 

The  meaning  of  the  term  "dielectric  constant  of  a  mediant  "ia 
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best  illustrated,  perhaps,  aa  follows:  \\'1hmi  two  charges  of  ("Icclripity 
are  plact-d  at  a  certain  distance  apart  and  separated  by  a  dii'li'dric, 
the  force  with  which  they  act  upon  one  another  is  proiwrlional  tO 
the  prodnct  of  the  two  quantities,  and  inversely  proportional  tci  tlie 
square  of  the  distance  between  them.  Hut  it  was  shown  liy  Fanulay 
that  the  nature  of  the  non-conducting  medium  bitwepn  th«  two 
charges  must  be  taken  into  account.  A  factor  must  be  introiluced 
for  the  nature  of  this  medium.  This  factor,  which  is  a  constant  for 
any  given  niadiura,  was  termed  by  him  the  specific  inductive  cajxicity 
of  Uie  niedimn,  and  has  since  come  to  be  known  as  the  diulcctric 
Goufltaiit  of  the  mediiiiit. 

A  number  of  niethods  have  been  devised  for  determining  dielec- 
tric constants.  We  should  meutioo  eapeciatly  tJiose  of  Thwing,' 
Nernst,'  and  r>rude.' 

The  dielectric  eonstants  of  some  of  Uie  more  common  solvents  at 
18°  are  given  in  the  following  table :  — 

DiiLicnio  CDH»n 

ilydrogni  dioxide Bii£  t 

Water TIJ) 

Fomiic  acid 9U) 

KiIr<.<bciizcT[ie         .......  30J) 

Mrihyl  nicohol JtT 

Kihyl  ilcntinl ajt 

Prupyl  alcubol S8J) 

AmiiKiiib.  liquid SiO 

Amyl  nkohol 16.0 

Ethylene  chloride IIJ) 

Aniline .       .     T^ 

Chlorotorm 6JI 

Ethi-r AA 

Cartx'Ti  bi«u1|>tiidi- SS 

Boaxttno S.3 


It  was  thought  for  a  long  time  that  water  has  the  highest  dielec- 
tric constant  of  any  known  solvent.  Wlien  solutions  of  salts  in  liquid 
ammonia  were  shown  to  have  high  conductivity,  it  was  supposed  that 
the  dielectric  constant  of  liquid  ammonia  would  be  very  high.  The 
work  of  Goodwin  aod  TbomjiKon*  showed,  however,  that  such  waa 
not  the  case,  the  fonntant  fur  liquid  xuiniotiia  being  only  about 
22.  The  effort  l.o  find  a  solvent  with  a  higher  dielectric  constant 
than  water  was  continued,  and  has  apparently  been  crowned  with 
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.HkhShb.  Calvert'  has  .ihown,  fmiu  a  Htudy  of  the  <liel«ctrio  couRtaut 
of  an  aqueous  iiolution  of  hydrogen  dioxide,  that  it  is  probably  higher 
than  that  of  water,  haviii!^  the  value  given  iri  the  table.  There  ia 
thus  one  liquid  known  whic-li  probably  surpasses  water  with  respect 
to  this  property.  This,  however,  is  not  proved  as  yet,  ivnd  evoii  If  It  ia 
true  is  not  very  sitrpHsing,  sinoe  hydrogen  dioxide  Is  su  chmidy  iillied 
to  water  in  composition,  being  in  a  certain  sense  wal«r  iiit«nsiRed. 

A  survey  of  tfai*  chapter  will  show  that  thcnt  is  a  clos«  relation 
between  many  of  the  jihysioal  proi>crti('8  of  liquids  ami  thoir  com- 
position and  constitution.  Many  of  these  ri-liitions  ittv  thus  far 
purely  empirical,  their  meaniiig  and  aignifivance  being  entirely 
unknown.  V«t,  in  most  eases,  such  rvlations  have;  b<-en  clearly 
ftstablished  l)eyond  question,  by  very  elaborate  anil  careful  invi-sti- 
gations.  While  at  present  we  fail  to  see  the  real  xignitioancv  of 
most  nf  tJicse  relations,  wc  cannot  but  recognize  their  great  impor- 
tancv.  Tho  introduction  of  an  atom  or  a  group  of  atoms,  producing 
a  constant  effect  on  so  many  physical  properties,  or  tho  constant 
influence  of  a  double  or  triple  bond,  aie  facts  which  must  lie  very 
close  to  the  ultimate  composition  and  constitution  of  matter.  We 
feel,  instinctively,  that  there  is  some  generalization  of  the  very 
deepest  significance  foreshadowed,  as  it  were,  by  facts  such  as  those 
considered  in  tbischapter;  and  instead  of  these  empirical  generaliza* 
tions  being  neglected,  tbey  should  stimulate  to  renewed  effort  to  dis- 
cover what  they  really  mean.  While  it  Is  impossible  at  present  to 
predict  from  what  ijuarler  light  will  be  thrown  on  such  facts,  it  ia 
not  improbable  that  the.  stmly  of  the  thermal  phenotiiena  manifested 
by  liquids,  such  a.<(  speeific  heat,  absolute  lK>iIing-tem)jerature,  etc., 
may  prove  helpful  in  the  dirvotion  indicated.  There  i<t  no  chapter 
in  the  older  or  the  newer  phynical  cbetuiHtry  where  a  wide-reaching 
generalisation  i^  wore  neitded,  and  none  in  which  a  comprehensive 
gene lal tuition  would  contribute  iiior»  tvwanl  placing  obenisU^ 
the  basis  of  an  exact  science. 
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General  Properties  of  Si^ds.  —  The  third  state  of  aggregation  of 
matter  is  known  as  the  sitlid  state.  We  have  seen  that  wlien  any 
ga»  U  coijleii  U-luw  a  certain  point  it  paasea  over  into  the  liquid 
state.  ^Vheii  any  liquid  is  cooled  sufllcteDtly  it  pusses  over  into  a 
solid.  It  is  thus  |MjBsible  to  )ia£s  front  the  gat^eoiia  or  liquid  state  to 
the  solid.  Th«  revi.!rfie  transformation  is  a(ao  possible,  —  a  solid  can 
be  eonvertnd  into  a  liquid  by  heat,  and,  as  we  have  seen,  a  liquid  can 
be  transforineil  intn  a  gas.  Every  elementary  form  of  matter  may 
take  any  of  the  lliree  slates  of  aggrvgaliou  —  gas,  liquid,  or  solid  ; 
the  state  in  which  it  exists  lit  any  giviMi  timn  Is  dt^temiined  by  Uie 
temperature  and  pressure  to  whieh  it  is  aubjfOted.  By  varying 
these  sufficiently  aud  in  tho  right  direction,  it  can  bo  made  to  take 
Utlier  of  the  other  forms. 

We  have  already  studied  the  general  characturistirs  of  the  gaseous 
uid  liquid  states  j  we  shall  now  turn  to  the  general  proiwrtie*  of 
solids.  The  most  striking  difference  between  solid«,  and  liquids  wid 
gases  is  that  the  first  has  a  definite  form  and  occu|)ies  a  dufinita 
spiuie.  tn  respect  to  these  pro|>ertie3,  solids  differ  fundamentally 
from  the  other  Ntates.  Another  striking  difference  which  really  lies 
at  the  foundation  of  those  just  referred  to,  is  the  relative  rigidity  of 
the  parts  in  a  solid.  The  particles  aro  firnilj-  fixed,  and  move  over 
one  another  only  with  the  greatest  difficulty,  enormuus  pressures  being 
requiriid  to  ciiungfi  tlie  form  of  solids.  As  it  i»  said,  tlie  resistance  to 
movement  or  the  inner  friction  of  soUds  is  very  groat.  With  liquids 
there  is  some  inner  friction,  but  relatively  little,  while  with  gases 
the  resistance  to  the  movement  of  the  parts  is  relatively  quite  nnall. 

Solids  behave  very  differently  from  gases  with  respect  to  their 
power  to  resist  pressure.  The  volume  of  gases  is  changed  by  press- 
ore,  approximately  according  to  the  law  of  ISoyle  —  volunjo  varies 
inversely  aa  pressure.  The  volume  of  solids  is  changed  but  little, 
eren  when  the  pressure  is  very  great.  In  this  respect  the  difference 
between  solids  and  licjulds  is  much  less  than  l)etween  solids  and  gases. 
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Liquids  are  compressod  but  little  by  groat  prossnro,  but  tbo  change 
in  volume  is  greater  tliun  with  solids. 

The  (l«uinty  of  solids  is  murli  greatt-r  than  that  of  gases,  and,  iii 
geoeral,  gmtor  titan  that  of  liquids.  This  is  just  what  we  would 
expect,  since  the  solid  state  represents  inattvr  in  the  most  condeused 
toiiD.  It  is  truQ  that  some  liquids  arc  heavier  than  somo  solids,  but 
the  above  statement  is  generally  true. 

The  change  in  the  lohime  of  sulids  produced  by  heat  is  niuoh  IcM 
than  for  gases.  The  leinpei-atiire  coefficient  of  the  latter  is,  as  is 
well  known,  j}^,  while  the  volume  of  solids  clianges  otdy  a  small 
fraction  of  this  amount  for  a  change  of  one  degree  in  temperature. 

The  solid  state  not  only  represents  matter  in  ita  most  concen- 
trated form,  but,  as  we  have  seen,  iu  its  moitt  resistant  state ;  resist- 
ant not  only  to  physical  agents,  bvit  aliio  to  chemical.  While  a 
sub.~laiicu  n-nmintt  a  w>lid  it  h  much  less  active  chemically  than  when 
ill  citlwr  (if  the  I'tlier  sliites  of  aggregation.  In  many  castas  a  nolid 
will  not  react  at  all  with  another  sulMtance,  but  when  it  is  melted 
ie*et«  readily.  The  result  is,  we  know  much  less  of  tlii!  eluinistry 
of  solids  th.ttt  of  liquids  and  gtu>es.  Tiiv  sami!  holds  triio  with 
rMpcL-t  to  our  physical  chemical  knowledge  of  soliils.  I'arlly  lu 
twcount  of  tbo  relative  inertness  of  solidM,  and  partly  beciMiM^  of  a  lack 
of  efficient  methods  with  which  to  study  them,  we  know  r<rlativcly 
little  of  matter  in  the  solid  state  from  the  physical  chemical  stand- 
point. Much  that  is  included  in  some  works  on  jihysiciil  chemistry 
with  respect  to  solids,  seems  to  belong  either  to  pure  physics  or  to 
;  the  science  of  crystallography  and  mineralogy.  The  subject  of 
^solids  can  be  dealt  with  very  briefly  by  the  physical  cliomist,  and, 
juentljr,  this  chapter  is  quite  short. 


CRYSTALS 

Crystal  Systenu.  ~  Mont  of  the  solid  subetances  with  which  we 
are  fumilitir  ii-iid  tu  take  certain  definite  geoioetneal  forms,  which 
are  more  or  less  eharacterinlic  of  the  substAUce.  This  is  tme 
whether  the  solid  is  formed  from  a  homt]geneouR  liquid  or  fiom 
solution.  In  the  latter  cjuMt,  hunever,  there  is  generally  belter 
opportunity  for  the  particles  to  arrange  themMilves  according  to 
their  attra<tive  forces,  and.  eonseqiirntly.  wellilcftnml  crystals  are 
more  frequently  formed  from  solution  than  from  a  pure  liquid.  In 
a  cijrstal  the  particles  are  arranged  in  a  perfectly  orderly  inanoer, 
and  fulfil  the  condition  that  the  arrangement  about  any  one  imul  a 
(he  aame  as  about  any  i>ther  point. 
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Crysl'UlK  f.ttl  into  a  iinml-iT  of  grutipit  or  syslenis,  wiib  rospoct  t^) 
thfi  iintiiri'  rif  thf-iv  cryxtiill  Digraph  in  forms.  Indeed,  nix  Hiich  itryutei- 
logrupliii:  N}'xteii)»  an-  n-nnniiuxl. 

t.  Some  crvKlul  fonni  tin-  built  iip  u]]»ii  thrfM>  axe«  «-htch  are  all 
of  the  same  Iriigtli,  ami  am  all  at  n^hl  angles  Ui  out-  aTiollii'r.  Thic 
dystoin,  kimwii  as  tU-  regular  <'r  Lsotropio  i^yvicm,  is  ili^iiiigiiiKht'd 
from  tbc  rcmiiir.iii^  ityNlriiis  in  Uial  all  Iho  piiiiM'ctit^a  of  the  oryHtals 
arc  the  satiii'  in  nvi'ry  (liri*<-tiun.  'Fhi.t  sjrittKin  includes  such  well- 
known  forms  as  tlic  o«^li)lK'ilron,  uhIms  tloilt^ahMlroii,  etc.  Th« 
regular  STst^'in  is  (liBtinguisln-il  from  all  t,h^  ollii>r  c:rj:ttidlii)^aphie 
BvMpmH.  in  lliiil.  it  fias  the  lurgi^st  numU-r  of  |>tan('$  of  »^-uinu'try. 

II.  The  tetriL^aal  system  compriBiw  all  ttf  lliixe  formti  wltich 
■rp  built  upon  two  axes  uf  tlie  samr  Ii-nglh  ami  llii-  third  axis  of  a 
different  length  from  the  other  two;  all  thu  angUv  hetwecii  tliu  axes 
being  right  angleti.  In  such  crystals  tlio  axis  whicli  in  longer  or 
shorter  than  the  other  two  is  placed  vertiwdly,  and  thw  two  axes  of 
«qual  length  arc  placed,  therefore,  in  the  liori/nnta!  plane.  The  sym- 
metry  iiere  is  evidently  of  a  lower  order  than  in  thv  regular  syHtAtn. 

III.  A  third  erystallographic  system  is  roneeived  as  built  upon 
three  axes  sym metrically  arranged  in  a  horizontal  plane,  all  of  0(|iial 
length,  and  making  li^ht  angles  with  a  vortical  axis  which  ia  of 
differeut  length.  It  is  evident  that  this  system,  called  the  hexagonal, 
is  closely  related  lo  the  tetragonal  from  a  geometrical  aland{M»nt, 
and  we  shall  see  that  crystals  in  the  two  systems  resemble  one 
anoUier  closely  with  respect  to  their  physical  properties, 

IV.  The  ortborhombic  system  has  three  axes  all  uf  unequal 
length,  hut  all  making  right  angles  with  one  aiiolher.  It  h  evident 
that  llie  <EyTiJitit!try  of  the  tti-ometiical  form.s  built  u|h)]i  suoh  nxi-:s  is 
lower  than  in  any  otlier  Kyiilein  ihuK  far  considered. 

V.  The  abovi?  four  systems  have  all  tli«  axcK  making  right  angles 
with  one  another,  except  the  hexni.'onnl  system  which  has  three 
lateral  axes,  and  lltese  make  angles  of  »ixty  degrees  with  one  another. 
There  an-  crystal lographie  syBtems  in  which  the  axes  do  not  malte 
rifiht  angles  with  each  Other.  The  first  of  these  —  the  monDclinie — 
has  all  three  axna  of  unequal  length,  and  one  of  them  not  making 
a  right  angle  witii  tho  other  two.  The  presence  of  the  obli(]ue  angle 
has  evidfntJy  reduced  the  degree  of  symmetry  very  nearly  to  it« 

Indued,  in  the  monoclinie  system  there  is  only  one  plane  of 
6etry  remaining  —  thi-  pliine  of  the  oblique  and  vci-tJcal  axis. 
There  is  only  one  more  sti-p  (lossible  in  dcereasing  the  qrminetry  of 
a  system,  and  that  is  realized  in  the  sixth  and  last  crystal! ograpbic 
system. 
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th«  trielinio  ^r  aRymmetrio  system  the  three  axes  are  all 

unequul  IcuKths,  ami  an-  nil  jTir]iiii>il  Ui  cnn^  aiiotliiT.  There  ib  no 
jht  at)gl(!  in  this  syKti-in,  uiul,  ihi-ivfore,  no  [ilativ  of  symm«try. 
The  tricUnic  system  Ktmids,  tli<Mi,  at  one  vxtrt'mo,  in  which  all 
symmetry  has  been  lust,  while  lh>^  reguliu*  system  ntprcseuts  the 
highi!:st  degree  of  symmetry. 

Eolohedrisin.  Hemihedrtam.  TetartohedriEm.  —  A  given  crystal 
foini  niuy  occur  with  uU  th«  j>Iiiiie«  ).irei<eDt  uh  &a  octahedron,  a 
prism,  a  pynunid,  etc.  VVhcD  all  thv  planes  belonging  to  a  given 
fonu  occur,  wc  have  a  complete  or  huluhedra!  crystal. 

It  frequently  happens,  however,  that  only  half  tlie  planes  helong- 
idg  to  a  given  form  occur.  These  are  then  extended  until  Ua-j-  meet 
»nd  give  a  figure  which  is  quite  diffprent  from  the  boliihi'ilral  fonn 
from  which  they  are  derived.  Tlius,  the  heniihedral  form  of  the 
octahedron  ia  tlie  tetrahedron;  of  the  hexagonal  prism  iJie  rhombo- 
hedron,  etc. 

In  a  similar  manner  only  one-fourth  of  the  plan«s  uf  the  bolo- 
hedral  form  may  occur.  In  tliis  way  lelartohedral  forms  at«  pro- 
duced, and  exajiijiles  of  it-tartohedrism  arc  not  wanting;. 

Importance  of  Crystallography  for  Chemistry  and  Physical  Ch«m- 
lltry.  —  The  BubjiK'l  of  crystaJiogi'jipby  baa  :iii  imj  mi  riant  chciiiic.il 
ftud  physical  chsmiial  Ix^aiing.  A  given  siihsUiiice  m)t  oidy  crystal- 
lizes in  certain  vhanict^eristic  forms,  but  tlie  angles  between  the 
planes  are  constant  for  the  same  subetarxT.  This  fundnmeiital  law 
of  crystallography  is  known  as  the  law  of  Steno.  Tbo  crystal  form 
and  size  of  the  angles  thus  become  important  constaDta  for  any 
livCft  inihetance,  and  are  of  the  very  greatest  imijortaoco  in  identify* 
iiical  compounds.  Further,  since  different  substances  usually 
liave  different  forms,  and  always  different  angles  if  they  have  the 
(ame  fonn,  we  utilize  the  fona  of  crystals  to  determine  the  purity  of 
the  substance  witli  which  we  are  dealing.  If  from  a  solution  or 
molten  masts  more  than  one  form  of  crystals  separates,  we  are  gt-ner- 
■lly  juKtibed  in  concluding  that  we  are  dealing  with  a  mixture.  In 
some  <^ases,  however,  the  same  substance  crystallizes  in  more  than 
one  fiinn,  so  that  the  above  conclusion  is  not  always  valid,  but  sitch 
ciws  are  relatively  not  common.  On  the  other  band,  two  >fub«lanc«s 
may  crjstallixe  in  apparently  the  same  form  ;  e.g.  caleitim  carbonate 
and  magnesium  carbonate  as  dolomite.  In  sueb  ease.t,  while  the 
form  appears  to  be  the  same  the  angles  made  by  the  fac>-s  (le|ienii 
upon  the  composition.  The  angles  on  a  pure  ealcite  crystal  differ 
from  those  on  dolomite,  and,  indeed,  the  angle  can  be  used  to  deter- 
mine the  amount  of  magnesium  carbonate  present  in  the  dolomit«. 
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We  thu»  tee  fi-om  the  abuvc  tliat  wlitlc  crystal  form  alone  is  not 
alwajrs  an  ntMulutO  giinruiiti.'tt  of  the  purity  of  a  substauce,  it  U  of 
very  grent,  iiiii  U>  Uio  vliuinist  in  dctcrniiuiiig  whether  iw  i§  working 
with  II  vlitfinic.il  iodividual  or  with  a  taixtme.  All  that  has  beea 
Kiiiil  ubove  ill  reference  lo  the  aiiplicatioii  uf  orj-atalloj^phy  to 
cJiemistry,  appUe*  with  equal  for<;e  to  pliysioal  chcpiitttry.  In  ull 
pkysicul  chvtnic'Ml  work  Uii'  (jiu'Atioii  uf  the  purity  of  the  siil>stunc« 
is  funduinvnta), and  tliu  cr^stiUIogruphic  method  isi  ax  we  have  seen, 
of  great  nsHistaneu  in  this  connectioiL  The  application  of  crystal 
form  to  a  physical  chemical  problem  of  the  very  highest  importance 
haa  slreaily  been  stndiciL  It  will  he  remembered  that  Pasteur  sepBr 
rated  dextro  and  Itevo  tartaric  acids  by  means  of  certain  bemihe- 
dial  faces,  which  occurred  on  the  ammonimu  sodium  salts  of  tltc«G 
acids  —  one  hemihedral  foim  owurrinj^  on  some  cryslalit,  the  other 
form  on  other  crviitals.  And  this  wafi  the  Iw^inning  of  wliat  has 
been  developed  into  an  entirely  new  braiicli  of  sciuticu;  viz,  Etvreo- 
chemistry. 

HoM-ever,  iu  addition  U>  all  thin,  the  fonn  of  crystals  has  still 
another  interest  for  the  physical  <ihcmist.  When  the  physical  prop- 
erties of  crj'stals  were  studied,  it  was  found  tliut  there  are  certain 
very  close  connections  Iwtween  thi-si*  prupcrtics  tiud  the  geometrical 
fwrm  ol  llie  crystal.    To  suiue  of  these  relations  wu  will  now  turn. 
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rUorKRTIES   OF    CRYSTALS.     RF.LATfONS    BETWEEN    FORU 
AXl)  rnOI'KRTlES 

Optical  Properties.  —  The  six  crystal  systems  which  u-e  have  just 
cousidercil  fall  into  three  classes  with  rosj>ect  to  their  actios  on  light, 
The  first  class  includes  the  regular  system.  The  substances  which 
crystallize  in  this  system  have  only  the  power  to  refract  light,  bnt 
no  power  to  doubly  trfract  it.  This  holds  for  every  direction  in 
which  the  light  is  passed  through  the  crystal.  A  large  numlter  of 
apparent  exceptions  to  this  generalization  liave  been  ohserveil. 
Iklany  substances  which  eryslatlixe  in  the  regidar  sy.tlem  have  bnen 
found  to  show  double  polarization.  This  phenomenon  has  been  sat- 
isfactorily explained  as  due  to  a  lamellar  arrangement  within  the 
crystal,  or  to  a  certain  stress  or  strain  in  tlio  crystal  produced  dur- 
ing its  gi'owth,  or  to  a  combination  of  individuals  which  form  an 
apparently  isometric  crystal.  Since  so  many  crystals  in  the  regnh^_^ 
system  show  no  double  refraction,  it  is  evidently  not  a  cbatacterisiic*' 
of  the  systcu,  but  an  accidental  state  which  obtains  nnder  certain 
conditions  of  growth. 
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The  second  class  includes  the  toti-a^onal  and  hexagonal  systems. 
Tbese  have  one  optic  asia,  and  h«uce  are  termed  tmiaxial.  If  a 
ray  of  light  is  passed  through  the  crystal  along  this  axis,  which  is 
parallel  to  the  vertical  axis  of  the  crystal,  f.f.  the  axis  whioh  dilTfTS 
in  length  from  the  other  two,  thei-e  is  no  double  refraeUon.  The 
three  remaining  crystal lograp hie  systems  lall  into  the  third  class. 
There  is  no  direction  through  crystals  in  (hpse  syvU-tiig  in  which 
iijtlit  jiasses  as  through  an  isotropic  aulHl.iiiw;.  Th»'y  have  no  iso- 
tropic axis.  There  are,  however,  two  diriioliuns  through  such  crys- 
tals in  which  the  two  ray*  into  which  lijiht  is  brolscn  triivc!  with  the 
diimu  velocity.  These  are  known  as  the  optical  axes,  and  hence  such 
ciystKils  are  termed  biaxiiil. 

I'he  rcJations  between  crystallop^phtc  form  and  optical  proper 
ties  become  perfectly  clear  when  we  regard  light  as  a  vibratory 
motion  of  the  ether.  We  must  regard  the  crystallograjjhic  axes  as 
expressing  the  relative  densities  of  the  ether  in  the  different  direc- 
tions through  the  crystal.  Thus,  when  all  the  axes  are  of  tlie  same 
Icnti-th,  the  deiLiily  of  the  ether  is  the  same  in  all  directions  through 
the  crystal.  Wlu*n  the  siwx  are  of  different  lengths,  ihn  ethor  it 
unequally  dense  in  thi.-  (lift<-ri-iit  directions.  Applying  these  concep- 
tions to  the  (iiffereiit  rn,'slidlogr!iiihic  systems,  wi*  are  impressed  by 
the  iK-aiititul  a^Tci-mcut  lu'twccn  theory  and  facL  In  the  mjular  or 
itotrnpie  »;/9ieiK  the  axe*  arc  all  of  equal  length ;  therefore,  the  ether 
is  c<iually  dense  in  all  directions  through  such  crystals.  Light  would 
then  move  in  all  directions  through  such  cryshils  with  equal  velocity, 
and,  consequently,  there  could  be  no  dtmblc  refraction. 

In  the  uniaxial  ayatema  (tetragonal  and  hexagonal)  the  ether  is 
eqnally  dense  in  the  directions  of  the  axes  of  equal  length,  but  more 
or  less  dense  in  the  dlrectien  of  the  axis  of  unequal  length.  If 
light  is  pa^ed  through  Kuch  crystals  in  any  direction  except  parallel 
to  the  axis  of  uueqnnl  length,  it  will  encounter  ether  of  unequal  den- 
sities in  the  different  directions.  Consequently,  the  ray  of  light  will 
hi'  Imiken  up  into  twn  rays,  or.  as  we  say,  will  lie  doubly  refraeted. 
If  the  ray  passes  through  the  crystal  imndlel  to  the  axis  of  unequal 
denail^f  it  will  encounter  ether  of  equal  density  in  all  directions, 
the  axes  normal  to  thi?  axis  are  of  equal  Imglh.    The  ray  will 

,  be  broken  up  into  two  when  it  moves  in  this  direction,  or,  as  w* 
say,  is  not  doubly  refracted. 

When  we  come  to  the  biitxhl  ^iwfem*.  the  problem  is  much  mor« 
complicated.  The  three  axes  are  all  of  unequal  length,  and,  thens 
fore,  the  densities  of  the  ether  are  different  in  the  directions  of  the 
three  axes.    A  ray  of  light  pas^sed  through  the  crystal  along  any 
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crystallographic  axis  will  necpsBarily  be  broken  up  into  two.  There 
are,  however,  two  direcliona  through  such  crystals,  in  the  plane  of 
greatest  and  least  deu&ity,  along  which  the  two  beams  of  tight  move 
with  equal  \elocity.  These  two  optic  axes  are  ]>laced  symmetHo^Iy 
with  re3[>ect  to  the  directions  of  least  and  gi-eotest  density.  These 
diredioiiii  mny,  or  may  uot,  coincide  with  the  Gryatallographiv  axvs, 
dejwnding  u)ion  Uie  system.  lu  the  orthothoiiihic  syMem  tbcse 
directionit  coint-ide  with  ihu  crystallofn-xphic  axv.^  In  thii  mOD> 
elinlc  systvtii  only  one  of  tliese  direotionit  is  CDincident  with  the 
crystal lograpli it'  axes,  —  the  one  j>t>r|iendicular  to  the  plane  of  i^m- 
inrtry,  —  while  in  the  Iriclinic  system  neither  of  thvuc  directioDS  18 
coincident  with  the  crystal lograiihic  axes. 

The  plipiiomeiion  of  pobtriiatiim  of  light  by  crystals  is  a  neces- 
sary conscqucnco  of  the  difference  in  density  of  the  ether  in  different 
directions  through  the  crystal.  If  the  ray  enconuters  ether  of  dif> 
ferent  dcTisities,  it  18  broken  o]>  into  two  rays,  whose  vihr.itionH  are 
in  planes  at  right  angles  to  one  another.  Light  whose  vibrations 
are  reduced  to  a  single  plane  is  said  to  be  polarized.  Those  two 
polarized  rays  move  through  the  crystal  with  different  velocities —  j 
the  velocity  being  conditioned  i>y  the  density  of  the  ether.  Know-  " 
ing  the  relation  between  crystal  lographic  form  anil  density  of  tie 
etJier  in  the  crystal,  we  are  able  to  predict  with  certainty  in  just 
what  caAes  light  will  be  polarised  by  ))asstui;  it  through  any  given 
crystjU. 

^,    A  close  relationship  Iwtween  the  geoinrtrical  forms  of  crystals 

Hkd  their  optical  propitrties  is  thus  evident.    Indeed,  the  form  is 

an  index  to  the  conditiim  of  the  ftlii-r  in  the  crystal  —  a  geometrical 

expression  of  the  relative  dciisities  of  the  ether  in  different  directions 

llirough  the  cry.stal. 

Thermal  Properties  of  Cryitala.  —  The  thermal  ])r<>perties  of 
crystals,  wiiitOi  will  bo  considered  here,  are  the  expaii.iion  of  crys- 
tals by  heal  and  the  thermal  conductivity  of  crystals.  Only  crys- 
tals in  the  regular  system  expand  equally  in  all  directions  with  rise 
in  temperature.  Crystals  in  all  of  the  other  systinns  expand  differ- 
ently in  different  directions.  Fizeau'  has  shown  that  crj'st^nls  in  the 
tetragonal  and  hexagonal  systems  expand  equally  in  two  directions, 
and  differently  in  the  third  direction.  This  con-caponds  perfectly 
with  the  geometrical  form  and  optieul  properties  of  siiirh  crystals. 
The  effect  of  tem]>eratiira  on  crystals  in  thv  different  systems  can 
best  be  illustrated  thus:  If  a  spWn;  is  cut  from  a  crystal  id  the 
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re^lar  system  at  any  Riven  teinperatHiv,  it  will  remain  a  sphere 
at  all  temperatfirefl.  If  a  Hphert>  h  cut  from  ii  erystal  in  tlie  tctiag> 
onal  or  hexagonal  »ysteiiit>,  at  any  toin{ien>tiin',  it  will  not  be  a 
spliere  at  auy  other  teinperutitre,  since  tlio  ex{>uiisioti  aloDg  one  axis 
is  diffewnt  from  that  iilon);  the  other  two  —  it  will  become  no  ellip- 
soid of  revolution.  If  tin;  crystal  i»  orthorhombic,  monociinio,  or 
tnclioic,  it  will  expunti  iiilTcr<.'iitly  in  all  three  directions,  and, 
consequently,  the  spli<;ro  nill  bocoine  a  triaxial  ellipsoid. 

The  coruiii^ihity  of  heat  by  crystals  obeys  the  same  laws  as 
the  optical  conductivity.  The  thermal  conductivity  was  studied  by 
boriog  small  hobs  in  plates  of  crystals,  inseTliug  a  warm  wire  into 
the  hole,  and  observing  the  melting  of  a  layer  of  wax  with  which 
the  plate  was  covered.  In  crystals  of  the  regular  system  the  tiKure 
of  the  melted  wax  was  always  a  circle;  in  uniaxial  ciystal.s  a  iiirclu 
orellipse,  depending  npoii  whether  the  plate  was  cut  perpendicular  to 
the  optic  axis,  or  parallel  to  it.  In  biaxial  crystals  the  Rgurc  of 
tlie  melted  wax  was  always  an  ellipse.'  These  facl.i  will  W  «een  to 
be  perfoL-tly  aualo^us  to  the  action  of  crystals  on  light,  and  also- 
to  thfir  tliormal  expansion. 

Electrical  Conductivity.  ^ Our  knowlcilge  of  the  electrical  con- 
diictivily  of  ciyNliils  we  owe  I'liielly  Ui  (i.  Wii-dfinann.'  I'latea  of 
crj'stivls  wen-  t-ini-ixnl  with  some  non-con  ducting  jiowdcr,  such  as 
lycopodium  or  niiiiiuin.  Above  these  an  isolated  fine  point  was 
suspcndcil  and  chargod  positively  by  means  of  a  Lcydon  jar.  The 
powder  was  repulsed  from  the  chai^d  point,  in  the  form  of  a  circle 
with  isometric  cry^slals,  hut  Hpproximatcly  in  the  form  of  an  ellipse 
^uth  other  crystals.  The  ])owdcr  rcmlcrs  visible  the  distribution  of 
^bctricity  over  the  surface  of  the  plate  of  crystal,  and  from  the 
figiu'e  we  can  see  the  relative  electrical  conductivities  in  different 
directions. 

Wiedemann  found  that  electricity  is  conducted  through  crystala- 
most  rapidly  in  the  directions  in  which  light  nmves  most  rapidly. 
The  resnilx  show  that  the  electrical  properties  of  crystals  o^ree  also' 
with  their  tliermal  properties. 

We  thus  have  a  close  connection  lietwcen  tiie  optica],  thermal,, 
and  electrical  projiertics  of  crystals,  and  what  is  of  even  greater  inter- 
est, a  close  connection  belwctin  these  pro|>erties  and  the  geometrical 
forms  of  the  erystals.    Other  properties  of  crystals  could  be  takea 

IS«IisnDOUl:/lnn  Chim.  Phs*.  [A],  91.  45T  (IStT);  U.  1T»  (IMS).  Pofff. 
Ann.  T»,  l»l  (IStS);  7i.  100  (1»)9) :  TS,  CO  (IMd).  Laii^ :  Fogg.  Ann.  1»,  '.{9 
(180B). 
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lip  if  space  permitted,  such  as  the  figures  produced  by  ctcliing  tJie 
crystals,  the  liardaess  and  elasticity  of  crystals,  etc ;  but  th«  more 
important  properties  oousidered  above  sliow  beyond  question  tJiat 
the  form  wliicK  matter  takes  in  the  crystal  is  either  condilioued  by, 
or  mora  probably  coiiditioas,  the  state  of  strain  or  stress  to  which 
the  «tlier  i»  Ettilijected.  There  is  thus  a  striking  agreement  between 
tin;  form  of  the  crystal  and  its  properties,  which  depend  upon  Ute 
couditiuii  uf  lbt>  ether  in  the  cryaUl. 

CRYSTAL1,(K;KA1'HIC   FOKU   and  chemical  COMI-OSITION 

Polymorpbiim. — The  conclusion  might  be  diawu  from  what  bu 
iMen  stattd,  tiiat  a  definite  cticmical  substutve  always  crystmlliKcs  in 
the  same  funu,  which  is  chaructcristjf^  of  the  Eiibstance.  While  this 
is  generally  trne,  it  is  by  nu  means  always  so.  The  ssioe  clement  or 
compound  may  crystallize  in  more  tliau  one  form,  and  the  forms  may 
even  have  different  degrees  of  symmetry.  When  the  same  stibsiance 
oryatallizea  in  two  forms,  it  is  called  diumorjAoHa ;  when  in  more  than 
two,  potymorphotts.  Sulphur  is  a  good  example  of  an  element  whieh 
crystallizes  not  only  in  more  than  one  form,  but  also  with  different 
symmetry.  As  found  in  nature  it  is  orthorhomhic ;  lint  if  molten 
sulphur  is  allowed  to  cool  under  certain  conditions,  it  crystallizes  in 
tlie  monoolitiic  system.  Calcium  carbonate  is  an  example  of  a  cotu- 
pound  cry  stall  ining  in  more  than  one  system.  As  calcite  it  crystal- 
Ukcs  ill  the  hexagonal  system,  while  a.H  aragonite  it  bi-longs  to  thn 
orthorliombic  ^y.'<tem.  Other  Hiikttaiioesare  known  which  erystidlize 
in  mom  than  two  f^n'niH,  and  so  oi]. 

Tht;re  :Lri;  a  iiumlMir  of  ouiiditiuns  whii^h  dvt<!rmiiic  the  form  whi<rh 
R  given  snbstanci- will  tjike.  Of  tJiese  the  most  imporhmt  is  tem- 
perature. This  is  sbiiwn  very  well  in  the  case  of  sulphur.  At  the 
higher  tempei-aturu  the  monocliuic  form  seems  to  he  the  most  stable, 
while  at  lower  temperatures  the  orthorhombic  represents  tlie  more 
stable  condition.  The  mouoclinic  form  passes  over  readily  into  the 
orthorhombic  at  lower  torn  ]>pratu res. 

In  connection  with  the  effect  of  temperature  on  molecular  atrnc- 
ture,  reference  should  V>e  made  to  tht?  recent  work  of  Cohen '  on  tin. 
He  luis  found  that  ordinary  white  tin  is  sUihle  only  above  20°,  Below 
tJiis  temperature  it  pas.<tes  over  xlowly  into  a  gray  crystalline  modifi- 
cation,  which  has  very  different  pro]>cilies  from  the  onlinary  white 
tin.    The  gray  modiBcalion  when  heated  above  30"  passes  rapidly 

I  ZwJir  pAvi.  Chem.  SO.  001  (1809) ;  88.  6T  (1000)  ;  86,  MS  (1000). 
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hack  iiiLo  tlie  white  again.  \Vhi]e  Uie  exAot  cryflt^io^jraiihic  fliaiigo 
whii-li  takcN  pWe  ba.t  not  yet  been  worked  out,  il  is  iiiiite  oi^rluin 
tliitt  the  tranit  form  alio  II  fl  in  ihi;  <ra.ie  of  tin  itre  strictly  analoj^ou*  to 
tliiPKU  which  take  plaoe  with  sulphur. 

C'tiri (lit ions  other  thftii  temperature  a.l$0  Affni't  the  orvNtal  form. 
The  pr^iu'Wie  of  wan  u  siiiiJI  amount  (if  a  fontign  siibstuin-c  may 
conditiui]  tlic  form  ia  which  another  oubst^incc  will  crystallize. 
Take  tho  case  of  culcium  earlKiiiato,  which  can  crystallize  iii  eitlicr 
tlie  h^sagooal  or  ortliorhombie  system.  If  h  substance  is  present 
which  crystallizes  in  the  hoxEigonal  system,  the  carbonate  of  calcitin) 
will  be  much  n]or«  liable  to  form  hexagonal  crystals;  but  if  some 
orthorhonibic  substance  is  present,  the  carbonate  will  more  probably 
form  orthorhombic  cryalals.  The  iufluencc  which  one  substance  may 
have  on  the  form  which  another  will  take,  may  even  be  so  great  aa 
to  force  it  to  take  a  form  in  which  it  would  never  crystallize  if  left 
to  ila  own  forces. 

The  exaitiplefl  of  polymorphism  given  above  all  represent  the 
condition  wln^re  each  of  the  foniis  can  t>e  .transformed  into  tlie  other 
by  heat  or  some  other  agent.  There  are,  hiiueve.r,  ca.ncs  known 
where  a  sulxtt-uioe  cni'stalHzOs  in  two  forniK,  which  have  Ihus  fnr  not 

m  traiii«formoi)  into  one  Anuther.  Tliii.t,  diamond  and  gr-iphite 
bvc  not  been  niiilinLlly  tranxfornittd  into  one  another,  altliough  the 
latlor  ha^  heftn  oblaintid  from  th«  formor.  That  there  is  really  any 
inherent  difference  Iwtween  this  case  and  thi.is«  alwvc  considered, 
where  duch  reciprocal  transfonnatiims  hare  bct-n  i-ITciind,  no  on<t  not 
belicTC  The  two  or  more  forms  in  which  the  same  kind  of  niattcr 
occurs,  TKpresiunt,  as  wu  shall  see,  but  different  cimditiona  of  energy. 
The  one  form  pontatns  mora  energy  stored  up  within  il.fiU'  than  the 
othrr,  and  hence  tlic  difforr^nce  in  properties,  including  the  dilTerenco 
in  crystal  form.  The  one  form  is  the  more  stable  under  certain 
conditions  of  temperature,  etc.,  while  another  in(Mli(i<-ati<)n  is  the 
more  stable  under  other  conditions.  The  meaning  of  this  will  bo 
clearer  when  we  come  to  see  the  sixnificauce  of  energj*  relations  as 
conditioning  the  properties  of  stdislances  iu  general. 

Isomorphism.  —  It  is  evident  from  the  last  paragraph  that  the 
same  substance  may  crystallize  in  more  than  one  form.  This  raises 
the  question  aa  to  whether  different  aubstanceiii  ever  eiystallize  in  the 
same  form.  Tiiis  qnestiou  was  anan'ered  onee  for  all  by  Mitscherlich. 
In  an  investigation'  earriiHt  on  in  part  iuthe  laboratory  of  Iterzelius, 
he  showed  that  a  number  of  different  lubstancos  may  crystallize  in 


1  a>tn.  Chim.  PUgt.  [%},  14,  ITl  (1830). 
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tb«  same  form,  oitd  tlien  ooin[ilet«-d  an  clabomte  investigntion  in  the 
same  litboratory  on  tliv  ariwDUtrs  ttnd  phuspliutvs.  tic  found  that 
these  salUt,  lUthuii^h  quite  dtfTtTctit  chc-iiiiealljr,  crystallizt'  in  forms 
which  arc  so  nearly  idviilical  that  it  was  impossible  to  detect  with 
certaiiilT  any  spprcfiabk-  diRcrenocs.  As  tlie  result  of  this  work 
Mitst-lierlich  wa§  li-d  to  the  following  geiiprj.lizatioa  : '  — 

"  jf7ie  same  number  of  atoms  combined  in  the  mme  manner  produce 
Itit  same  eri/gfailine  form  ;  and  Itie  aame  crt/Ktalline  fr/rm  in  independent 
of  Hie  eliemienl  nature  of  the  atomis,  and  is  determined  ontij  by  the 
number  and  retntice  jtosUion  of  the  atoms." ' 

TliiH  ooiicluflioti,  as  ia  well  known,  went  loo  far  Imoiid  Ihe  facl«. 
yet  it  haft  conaiderable  historical  inttTro.tl  in  cuuiieetitm  with  rlie 
detcrin illation  of  atomio  iveigliUt,  a»  we  liuve  nci-n.  It  in  now  well 
knowD  that  lliere  are  ttubfltances  with  tlio  Hainn  cryNlallinti  fuTra, 
whose  luolecul^  contain  very  different  ntimtx^rs  of  atiinut.  Tlie  work 
(if  MitxclitM'lidi  e.ttjililiNlied  the  fui't  of  iKoimiqihisin,  and  tdiovred 
tlial  a  <'ryNtal  wnuld  ^vuw  as  wi-11  in  a  sohilion  of  iin  imiinorpliuus 
substance  as  in  it«  own.  He  iiliuwiid  that  a  [iitinbcr  of  single  sul- 
phates may  Erowintiithi'samcery»tal,»lso  llmt  an  alum  rrystal  may 
eontuin  a  mimlior  uf  alums. 

Ill  the  HkI'I  of  poly m<>r{)li ism  »nd  isomorphism,  one  would  natu- 
rally ask,  (-an  (rrystat  form  be  used  at  uH  as  a  characteristic  of  chemi- 
cal composition  ?  I'ln^  answer  is,  it  cau.  Must  substances  crystallize 
under  ordinary  comlitions  in  characteristic  forms,  and  cryscal  form 
has  been  of  the  very  greatest  service  in  idcDtityiDg  and  testing  the 
purity  of  chemical  substances. 

MEJ.TINC-rtllNTS  OF  SOLIDS 

Uethod  of  Determining  the  Helting-point.  —  1'he  metluMl  of  deter- 
mining; the  nielttut{>|Hiint  of  a  (>olid,  which  is  generally  empluytMJ,  is 
very  rmiRh.  The  solid  is  placed  in  a  fine  t;la»,i  tub«  el<i.ti*d  nt  the  bot- 
trtra,  and  attached  to  a  tliennuineti'r.  Thii  whuht  is  then  immersed  in 
siilphurie  uciil  in  a  amnll  glaxa  bulb,  and  tlie  n<'iil  warmed  to  iW  melt- 
ing-point of  the  sulid.  It  i«  evident  that  siidl  a  mtithotl  can  give  only 
approxiraato  resulln,  however  slowly  the  sulphuric  a*^id  is  heated. 
There  is  nothing  ti>  pixili-il  |hc  tht-rmometcr  from  the  effect  of  radin- 
tion,  mid  ihc  warm  bulh  is  constaiitly  ra<liating  heat  outward  on  to 
the  colder  objects  around  it.  In  order  that  any  measurement  of  tern- 
jierivture  should  be  accurate,  it  is  necessary  that  the  bulb  of  the  ther- 
mometer should  be  surrounded  by  a  metallic  screen,  as  nearly  as 
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possible  at  its  own  temperature.  lu  making  ati  accurate  ineltiiifc- 
point  detenu  illation,  tlie  bulb  of  the  theruiouielcr  xliould  be  siir- 
rouniW  by  a  »oreeu  of  platiuuui  foil,  wliiih  i.i  also  intmerHed  in  llio 
saui<!  liquid  ad  llie  lht?rmuiu«ter  iu  onler  thai  il  may  1h'  Ixraltrd  to 
tlie  ttauie  temperature.  Siiire  thi^  |in.'caulioii  has  ln>i>ii  for  tin'  most 
part  di^n-fi-iirdttd,  llie  iiudliii]{-]Kiiiit  c]i>lftrmiriationji,  eupM-ially  of  or- 
gnntc  onmjiwinil.t,  may  CKiitain  Hoiiiit  irons iderabU^  error. 

The  abovi;  nn-thod  is  employed  wlicn  only  a  stniill  amount  of  sub- 
stance ia  at  disposal.  If  a  larger  amount  is  avjiitablt'.tht^'  whole  mass 
otay  he  heated  above  its  moltiii^-point  and  coDvvrted  into  liquid. 
The  liquid  can  then  be  carefully  cooled  down  to  its  frep ling- point, 
which  is  the  same  as  the  melting-point  of  the  solid.  In  this  case  tfa« 
liquid  is  almost  certain  to  suffer  undercooling,  i.e.  to  cool  below-  ita 
freezing-point  before  solidification  begins.  This  will  often  take  place 
eren  wbeu  the  entire  mass  of  the  liquid  is  vigorously  stirred.  Under- 
cooling can  be  prevented  by  adding  a  small  fragment  of  the  solid 
Bubfltance.  When  the  liquid  has  cooled  a  trifle  below  ita  freezing- 
point,  it  ia  only  necessary  to  add  a  small  particle  of  the  solid,  when 
all  undercooling  will  be  removed  by  the  separaliou  of  more  of  the 
solid  Bub.itance,  which  will  a-arm  tlie  remainder  of  the  liquid  up  to 
its  true  fnwung-point  It  is  only  necessary  to  read  the  temperature 
of  the  li(]nid  containing  Konio  of  the  solid  phastt  of  the  m distance, on 
an  accurate  th<-rmometer,  at  standard  pressure,  aixl  vre  have  Uio  tru« 
mclting-poiut  of  the  substance. 

An  almost  inSnitesimal  qnantity  of  the  solid  phase  is  sufficient 
to  cause  an  ondcrcoolcd  liquid  to  freeze.  In  this  couneclion  rttfer- 
ence  only  can  be  made  to  a  recent  paper  by  Ostvrald,'  which  records 
some  very  siirpritJing'n-.'ililtH  Ijcaiinj;  upon  this  imint. 

Bslations  between  the  Ueltiag-points  of  Sobstancea. — ('«rtain 
regularities  between  the  melting-|K'ints  of  the  elements  have 
already  been  pointed  out.  Wo  will  consider  here  some  relations 
which  bare  been  discorerod  between  tJte  meltiug-jwinta  of  com- 
pouwls.  The  bromine  compounds*  melt  higher  than  the  correspond- 
ing chlorine  compounds,  and  the  nitro  compoumbi  higher  than  the 
bromine  compounds.  Of  the  disubstilnlioo  products  of  beni^ne  the 
para  eomiMuuds,  iu  geneml,  melt  higher  tlian  tlie  orthu  or  meta.  A 
relation  which  is  far  more  inten-^itLing  than  tJie  nlMivi;  has  l>een 
pointed  out  by  Baeyer.*     In  studying  the  ozalio  acid  series  Baeyer 


■  Zuckr.  phut-  Clum.  IS.  £80  (1807). 
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noticed  ih&t  llioge  cmnjtottnilt  u.tticA  hav«  an  men  nHntber  of  carion 
atom*  melt  hiijhn-  than  tkoae  tvith  an  odd  number. 


Socclnlo  Kcid,  C,n«(>, 
Pyrouutiuic  odd,  C|HtOi 
Ailipic  aciil.CtUi^)* 
l^inclic  Micl,CtU,jO, 
Saborlc  ncld,  C,n„Ot 
AnlaicBcid.  C,1li(0t 
Sebaxic  acid.  CiolliiO, 
Bntuyllc  acid,  CuHtaOt 


MlLTm-raim 
180* 

!«• 

lOS' 

!«• 
IWP 
137" 
lots' 


A  ainilH  ngidarity  was  observed  with  the  Dormal  members  ot 
the  fotiaifl  Boid  fleries:  — 


AwUc  add,  CtHiO, 
I'ruplbulo  aoid,  C|H(0| 
Binuric  acid,  CdltOi 
Valeric  acid,  C(tt,gi)i 
Capir>tc  acid,  CgllnOt 


(Enauttiylic  ncU.CtllitOi 


tUiTiva-roiKt 

HiLin>ii-T«»t 

+  17* 

r,ti„(>. 

+   !«• 

lower  liiaii  —  sr 

c,u,.o. 

+    IS* 

0^ 

CiallsjOi 

+    30' 

lower  thfin  —  IC 

C„H„0, 

+   «2* 

-2" 

-iir.8 

C,;H„0, 

+    «>•.» 

ClIImO* 

WJt 

In  both  Bcrips.  tho  mcmbprs  with  an  odd  nwrnbpr  nf  rarbon  atnms 
imve  lower  melting-points  than  their  two  ndjoiuiug  iiiembvts  with  iui 
even  number  of  carbon  atoms.  The  meaning  of  this  regularity  is 
entirely  unknown. 

Quite  recently  Bayley '  has  shown  th«t  the  ratio  between  the 
melting-points  und  boiling-points  of  a  number  of  hydrocarbons  of  the 
imrafflne,  ethylene,  and  acetylene  hydrnearbons  h  nearly  a  constant. 
It  may  vary  from  l.li  to  2  within  a  ^ren  scries,  Init  usually  much 
leas.  The  author  atte.mpt!)  to  t.'Oiinect  tlie  constiluUon  of  the  com* 
pound  with  the  value  of  ihi.t  rati", 

Meltinfc-point  a  Criterion  of  Purity.  —  Of  all  the  methods  ftTkil- 
ahle  for  ideiUifyiiiK  ii  substance  and  testing  its  purity,  no  one  U  »0 
frequently  imule  iiw>  nf  by  the  chemist  as  the  nielling-point  mcthoiJ. 
The  temiKTiiliini  iit  which  a  substance  melts  is  a  characteristic  con- 
stant for  thi*  HuhNtJince,  and  this  ia  often  used  as  one  means  of  id<'n- 
tifying  it.  Further,  if  the  substance  is  pure  it  will  melt  sharply  at 
one  teiniK-niturc-  IE  the  meltintt-point  Is  not  sharp,  a  part  of  the 
Bubfllaiice  melting  at  one  tem]>erature  and  the  remaindc^r  not  until  a 
higher  temperature  is  reache<l,  we  must  conclude  that  the  compound 


>  Cftm.  Xewt.  81.  1  (IBOO). 
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18  not  pure,  and  that  we  are  dealing  with  a  mixture.  The  presence 
of  a  very  small  anioiiiil  of  a  foreign  substance  affects  tlie  melting- 
p«iiit  (juite  coiiaiderabiy,  usiially  producing  a  lowering  of  this  point, 
so  that  a  sharp  nieltiiit^'point  means  a  high  degree  of  purity. 
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LATENT   HKAT  Of   TISION 

Latent  H«&t>  and  Molecular  Latent  Heat  of  Fsrion.  —  \YheD  a 

solid  ia  licalod  up  to  ii  ftrliuu  tj-mjirmtiirp  it  bciiiiis  to  melt.  If 
more  heat  is  atUlvd  at  this  tcinpc  rut  tire,  tlic  solid  t-oiitinues  tu  melt, 
but  the  temporature  docs  not  lisc  uutil  ull  of  tbe  solid  lias  passed 
over  into  the  liquid  conditioo.  During  the  process  of  nieltiug,  a 
krgo  amutnit  of  heat  is  consumed  and  disappears  as  such.  This 
was  early  termed  "latent  heat,"  and  the  name  still  persists.  The 
amount  of  heat  inquired  t«  melt  one  graui  of  a  substauoe  at  a  fixed 
temperature  i»  termed  iiie  lulirnl  heat  vf  futhn  of  the  substaiii^ti  at 
tlie  tem{>tTatui-e  in  tpiextiuti.  TIiih  (iiianlity  multiplied  by  the  moleo 
ular  weight  uf  tin;  sub.sUince  givoa  the  motfcular  bnit  of  fusion. 
When  the  melted  substance  solidifies,  exactly  the  fsauf.  amount  of 
heat  IS  given  out  as  was  consumed  iti  melting  it. 

The  latent  hc:it  of  fusion  of  a  solid  is  perfectly  analogous  to  the 
latent  heat  of  vaporization  of  a  liquid.  It  wilt  be  remembered  that 
irhen  a  liquid  is  heated  to  the  boiliug-point,  and  more  heat  is  added, 
the  tem[>eraturc  does  not  rise,  but  the  liquid  pawses  OTCr  into  vapor. 
The  heat  required  to  convert  a  liquid  iivto  vapor  \t  usually  very 
Urge ;  indeed,  the  latent  heat  of  vaporixation  is  much  greater  than 
the  latent  heat  of  fusion.  Tbe  large  amount  of  heat  consumed  in 
passing  from  the  solid  to  the  liquid  state,  and  from  tlifl  liqnid  to  the 
gaseoiM  eondition,  does  internal  work  driving  the  molecules  farther 
apart,  and  prudncitiK  i"  Hciir-ral  a  molecular  rearrangement. 

Beten&ination  of  Latent  Heat  of  Fusion.  —  llie  method  of  meas- 
urint;  the  bti'nt  licat  of  fusiim  cmi.iiHlit  not  in  measuring  the  amount 
of  h(Mt  which  must  lie  added  in  order  to  fuse  a  given  quantity  of 
any  substance,  but  in  measuring  the  heat  Itinerated  by  a  given  quaa. 
ttty  of  a  molten  substance  at  its  melting-point  when  it  solidiSes. 
This  heat  of  solid ilicaiiuu  is  exactly  i>quaJ  to  tlie  latent  heat  of 
fusion. 

The  latent  heat  of  fusion  of  liquids,  like  their  latent  heat  of 
vapori station,  is  of  importance  in  physical  ohRiuistry,  as  we  sliall  see, 
because  of  cert^u  theoretical  Telatioiis  which  have  beftn  worked  out 
between  this  quantity  and  the  lowering  of  tlie  fn^L'iing-|ioiut  of  a 
mlrent  bv  a  dissolved  substance.     The  latent  heat  of  fusion  of 
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ft   few  of   Uie   iDUre   coimnon   solvviits   is  givvti  in    the   follow'iDg 

table:  — 

l^iuT  Hill  «r  rnioK 

Ice TftT  caL 

Bensenc 29.1  ciL 

Xitrobrni'.Mio ti.3  eni. 

Kormtc  »citl £8.4  ctL 

Aoeiic  acXil 43.7  oal. 


SPECIFIC   UEAT  OF  SOLIDS 

L«w  of  Dalonff  and  Pstit  —  Although  a  portion  of  Uio  timl«rial 
belont^iiK  to  this  ^>etiuu  has  nec^saanly  been  anticiiiat<^I  in  thi.-  <Iis- 
ouRRion  of  luethoda  far  determining  atomic  weigliLi,  the  subject  will 
now  be  taken  uji  a  little  more  systematically.  A  lelaLiou  iH-twM-n 
the  8i>ecific  beats  of  solid  elementary  subataiuii^  and  their  atoiuic 
weighta  wns  discorered  as  early  as  1819  by  Dubmg  and  Pt'tit.^  A 
few  exam[ileB  from  their  pa^mr  will  make  tliis  relutLou  deau-:  — 


Afwtc 
Waleni 

PaofBvl 

0,02!)3 

13.  OG 

0.37N 

Gold     . 

0,0  JH8 

li-K 

0.3TM 

FUUttimi 

0.0.114 

11.10 

0.»T40 J 

8fl*«  . 

, 

0.0.Vj7 

O."'* 

0.»7SS>I 

Zino     . 

0.0(W7 

4.0:1 

0.3738] 

Copper 

0,0010 

.10,^7 

O.S7Ul 

&M 

0.1 100 

3.3U2 

D.S73i 

Mphw 

-       • 

0.1080 

l.Otl 

0.3780 

These  atomic  weights  are  referred  to  oxygen  aa  nnity.  The 
valnc  of  tJie  "  product"  must  be  multiplied  by  IG  to  obtain  Uie  Taliio 
assigned  to  it  to-day.  The  prixUict  of  the  sjiecific  he*t  by  the 
atomic  wviglic  U  kuown  an  the  atomic  heat;  and  this  is  very  nearly 
ft  ConNt:iiit  for  the  different  elements. 

Work  of  BegnaulL —  The  law  of  Dnlong  and  Petit  was  thoroughly 
tested  Komo  twenty  years  later  by  Reffuault,'  who  worked  with  a 
large  number  of  elementary  substances.  He  found  that  the  law  ia 
in  the  main  true,  but  the  atomic  healti  are  not  the  same  for  the  dif- 

•  ^..11.  Chim.  J%i.  |a],  10.  308  (1819). 
»/6kI.  [8],  n.  &  (1840). 
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fcTCQt  cleiii«iiU;  tliDj  are  only  npproxiinatcly  a  constant,  TIte  sub- 
sequent work  of  Rrgniitilt  on  tlio  spvcitiu  lifats  of  Hit-  clumvots 
brouglit  out  a  number  of  intvrvsting  fu-ts.  llo  showed  tluit  the 
atoutic  weights  of  a  nunibvr  of  tlic  ^-Icuivnts  muHt  be  only  half  th« 
Talues  previously  uissigiieil  to  them,  in  order  that  the  law  of  Uulong 
and  Petit  might  apply  to  the-sv  eubstjinoes.  Ili\  however,  found  cer- 
tain elementa  to  which  the  law  of  Uulong  and  i'etit  did  not  apply  at 
all.  The  Hji^ciBc  heat  of  diReront  kinds  of  caibon'  was  determin«d, 
and  found  to  vary  greatly  with  the  nature  of  the  material  The 
loweiit  value,  O.Mfi,  was  found  with  the  diamond,  and  the  highest, 
O^IW,  with  animal  olianoal.  Values  ranRinij  all  the  way  between 
thcite  two  exlrenies  were  found  with  graphite,  aalhraeite,  coke,  and 
wood  chan-ual.  ThU  was  evidently  at  variance  with  the  law  under 
roiiHideiutioii,  and  «N]iii-iatIy  ao  since  the  highest  value  found  was 
far  too  low  to  areoni  with  the  law, 

Kegnault^diseov«!i-cil  tbn  same  diitorepaney  in  the  CMM  of  tUU 
con  and  boron.  Thi-ir  siH-eific  hvuUt  were  far  ttio  low  to  Rite  the 
nearly  constant  valu«  of  thn  atoinii!  heat,  when  it  was  multiptted  by 
the  atoinio  wci>:lit  of  the  element. 

Work  of  Eopp. — The  work  of  Kopj),*  published  nrarly  twenty- 
five  years  later  than  tliat  of  Re^nault,  ailded  gtwitly  to  our  knowl- 
edge of  the  apecifiv  heat  of  solids.  It  is  ini[Kis»ible  to  enter  into  Iho 
details  of  this  tremendous  piece  of  work;  only  a  few  of  the  oonelu- 
nons  reaehod  can  he  pointed  out.  The  law  of  Dulong  and  I'etit 
ms  found  to  hold  approximately  —  the  atomic  heats  of  the  el«- 
tnenta  being  nearly  eoiigtant.  The  elements  carbon,  boron,  and  sili- 
eon  present  exceptions  to  this  law,  as  Regnault  had  found.  If  the 
molecular  heat  of  many  coniixjunds  is  divided  by  the  number  of 
ttoms  in  the  molecule,  the  quotient  is  approximately  C.I.,  te,  the 
■ameas  the  atomic  heat  of  the  elements.  Tho  molecular  heat  is 
thus  ajiproxiinately  the  sum  of  the  atomic  heats  of  the  atoms  which 
fue  present  iu  the  molecule. 

Kopp*  drew  the  following  general  conclusions  from  his  work; 
First,  every  element  in  the  solid  condition  at  a  sufficient  distance 
from  itjt  melting-|>oint  has  a  definite  specific  or  atomic  heat.  This 
[oay  vary  somewhat  with  the  temperature  and  denaily  of  the  suU 


I  Am».  Chlm.  1*9*.  [3], M, Ml  (IHO);  M. SST  (IHO);  6S,  6  (IMl). 
I  ffH-L  U,  88). 

»  IhiBiM  aad  Staa ;  Anti.  Ctltm.  Pt,y».  [3],  I,  20!  (I8W>. 
'^nn.  Ckim.  Php*.  [8],  1.  IW  C'WI). 

•  Lttb.  Ann.  Suppl.  t,  1,  S80  (1804-18e&). 

*  Md.  1.  280  <18Si-I8M). 
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stRiicc,  but  not  rerjr  greatly.  Second,  every  element  iuu  the  came 
Speoifie  ami  iilomtn  Iii-at  in  tin-  tvec  uimilitkiii  niiJ  in  coin bi nation. 

Work  of  Wslwr.  —  'I'lic  i^ltnnenlit  oaiboii,  liorDU,  and  silicon  pte* 
sentod,  as  wu  havu  snvii,  tiuiiii.-tULlculjk*  cxi^c {ittun.-t  to  tlie  luvr  uf  Dii- 
loug  and  I'ctit.  Wrbt^r'  undt^rtuulc  Ut  nlitdy  tlie  .-([icvific  liual  uf 
tbese  elements  at  diRt-runt  tfiiipi-iiitui-e*.  littuljsci-vcd,  frutii  lUKvrorlc 
of  others,  that  the  higher  tlic  teiii[icniture  the  greater  the  sjirciliu 
heat  fouod.  lie  determined  to  work  at  higher  U^mperatun-n,  aiid 
found  tliat  the  specilic  heat  of  carbon  remained  pmctically  constant 
with  rise  in  temperature,  after  a  didl  re(l  lieat  was  reached.  Also 
Ibat  the  specific  heats  of  graphite  and  diaiuoml  Ih'^caiiie  identical 
above  000%  and  remained  the  same  however  liigh  the  teiuperatwre  to 
whicli  Iwth  were  heated.  'Die  specific  heat  of  tarlKiii  between  GOO' 
abd  1000°,  multiplied  l>y  the  atomic  weight  of  carbon  (12),  gave  fi.-l 
to  !i.{>  as  the  atomii:  heat  of  carbon.  The  true  8|»ecific  beat  of  carbon 
at  2000°  niii^t  be  at  least  O.'t,  so  that  at  this  t«iu|ieratiire  the  aNiuiic 
heat  of  carbon  would  be  6,  which  brings  it  in  line  with  the  law  of 
Dutuiig  and  Petit. 

Siniiliu'  remilU  were  obtained  for  boron  and  itilicon;  the  Mpeoifis 
lt«xt«  of  these  elemental  increaited  with  rise  In  teni](eratui\i  t^  snch 
an  extent,  that  we  ai-e  jusliUed  i»  concludtng  that  the  law  of  Didong 
and  Petit  boldK  also  for  these  elenieuts  lit  more  elevaled  t«ni|>era- 
tnres. 

In  closing  this  chapter  on  solids,  we  leave  what  we  have  called 
the  Ohhr  I'tiyniml  C'/w-mJjrfry.  This  refers  not  so  much  to  the 
question  uf  years  as  to  the  nature  uf  the  problems  dealt  with,  and 
the  methods  employed  in  solving  th«m.  Some  uf  Ihc  work  dismissed 
in  the  preceding  chapters  was  done  in  the  last  few  years,  and  some 
investigations  which  will  bo  referred  to  in  subsequent  chapters  were 
carried  uut  early  in  tim  century.  It  is,  however,  true  in  general  that 
most  of  the  work  thus  far  considered  belongs  to  the  periud  prevJuua 
to  lS8>'i.  and  also  true  th.it  a  very  large  proportion  of  what  follows 
was  done  subsequent  to  that  date. 

Hut  the  distinction  which  we  wish  to  draw  is  far  more  funds- 
menial  than  that  of  years.  The  physical  chemistry  of  today  differs 
not  only  in  degree  from  that  of  twenty-five  years  ago,  but  in  kind.' 
What  was  studied  and  taught  at  that  time  under  this  head  bears  no 
close  relation  nhatsoever  to  tlie  work  which  is  being  done  at  present 
by  the  modem  physical  chemist.     We  have  already  seen  wliat  are 


»  Pogff.  Ann.  IM,  307  (I8T4). 
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'  ioo8t  cbaractcriEtic  featurus  of  tL«  older  physical  chemistry.  It 
was  ess(>ntially  the  study  of  the  physical  prupei-ties  of  chi>mical  sub- 
stances, aiid  the  conclusions  rdtched,  as  has  beCQ  pointed  out,  wvi'u 
for  the  most  part  piiioly  ompirical.  That  they  are,  however,  impor- 
tant in  themselres,  and  especially  important  in  what  thuy  havo  kd 
to,  and  promise  to  give  us  in  the  future,  no  one  whi>  i»  familiar  with 
the  facts  can  deny. 

This  ]>haBe  of  our  subject  has  been  desUt  with  at  considerable 
Icngtti,  partly  becaiuie  there  is  a  marked  tciiilcncy  at  present  to  dis- 
Mgard  or  i(;nore  th«  work  of  the  earhcr  physical  chcinisU,  and  to 
'niiik  that,  physieal  i-hcinistry  really  licgan  about  fifteen  years  ago. 
It  is  true  that  much  of  tlie  older  work  has  been  temporarily  obscured 
by  the  hrilliaiicy  of  the  newer  results,  but  the  work  of  men  like 
Kopp,  Bauscn,  Uegnaultf  and  Stas,  will  ever  lie  at  the  foundation  of 
modern  science. 

Having  studied  much  of  the  work  of  the  older  period,  we  must 
iiowf  turn  1(1  the  new  physical  chemistry.  Iii  the  followiuft  chapter 
we  Rhall  show  how  the  newer  period  was  inaugurated.  How  a  dis- 
covery \fu»  made  about  fifteen  yeart  ago,  which  ha-t  grown  into  an 
entirely  new  branch  of  science,  a  branch  which  already  haa  a  large 
literature  of  its  own,  which  is  ln-injr  taught  and  studied  in  moat  of 
the  leading  universities  in  the  world,  and  for  which  alone  a  number 
of  laboratories  are  already  equipped.  The  rapid  growth  of  th» 
science  has  been  only  commensurate  with  tho  importance  of  the 
results  obtained.  Itlodcrn  physical  chemistry  ha^  revolutionized 
chemical  thought  in  many  directions,  it  has  thrown  light  on  a  num- 
ber of  im|H>rtant  physical  problems,  and  has  already  made  it^  way 
into  physiology'  and  other  branches  of  biology,  and  is  now  finding 
its  way  into  the  geological  sciences. 

We  shall  now  see  what  are  some  of  the  more  importaot  develop- 
mente  of  the  new  science. 
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Kindt  of  Sidntioiu.  —  We  bav«  dealt  thus  far  willi  tnatU^r  in  th« 
pure  condition.  A  pure  subtttaiioe,  citber  eleineutAry  or  compound, 
was  ptepai-ed  and  its  projwrtie-i  studied.  Th«  ittilKitaiii'*-  might  be 
ID  tlie  gaseous,  the  li(|uid,  or  the  sotid  !>tat« ;  or  it  inij^bt  exist  Id  all 
ikrev  Htales  tindvr  dilTi-Teiit  conditiotia. 

We  are,  however,  not  liaiit,i-d  to  tlie  sLiiiIy  of  matter  in  tbe  pure 
form.  One  element  or  coiiipiniiul  mn  he  iriixiti)  with  anothot  element 
or  compound,  and  the  prup(!rti««  of  thn  mixture  investigated.  It  is 
not  fiven  newssary  to  stop  Iii're,  Three  or  toore  substances  might 
bo  mixed  and  .such  mixturus  studiml.  Further,  the  suhntanfea  wbioh 
are  mixed  might  be  uf  the  same  or  of  different  states  of  agxregation. 
Mixtures  which  are  homogeneous,  and  from  which  the  constituents 
cannot  bo  separated  mecbanically.  are  termed  aoiHtian*. 

It  is  obvious  that  a  number  of  different  kinds  of  solutions  are 
possible.  We  know  matter  in  three  dialiiict  states  of  a^^gution, — 
solid,  liquid,  and  gas.  Since  matter  in  ei'ery  state  can  be  mixed 
with  matter  in  every  other  state,  at  least  thi^oretically,  wc  Km  hare 
nine  dilFerent  classes  of  solutions.     Thene  are :  — 

T.  Solution  of  gas  in  gas. 
TI.   Solution  of  liquid  in  gas. 

III.  Solution  of  solid  in  gas. 

IV.  Solution  of  ga£  in  liquid. 
V.   Solution  of  liquid  in  liquid. 

VI.  Solution  of  solid  in  liquid. 

VII.  Solution  of  gas  in  solid. 

VIII.  Solution  of  liquid  in  solid. 

IX.  Solution  of  solid  in  soHiL 


It  may  be  stated  in  advance  Ih.-it  well-defined  examples  of  all  of 
these  classes  of  solutions  an:  knoitiL  Our  study  of  solutions  con- 
sists, then,  esscntiidly  in  a  study  of  the  properties  of  these  nine 
classes  of  mixtures. 
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Solutioiu  of  Oa«M  in  Oasea.  —  When  different  gaaes  are  brought 
together  they  either  act  chemically  iii>oii  one  another,  as  hydrochloric 
avid  gas  and  ammonia,  or  they  siiuply  mix  with  one  another,  as 
hydrogen  and  nitrogen.  It  is  to  tlie  lait<:r  olasK  only,  where  no 
<-li«!mi<!al  nctioii  takeii  place,  that  the  term  "solution  of  one  Kn.t  in 
another"  M  applted.  When  one  fput  disHiilves  in  another,  the  <;ondi> 
tion  is  alwityx  fnlftlled  that  uny  qiiitntity  of  the  on(!  nkn  itissolvo  in 
any  qnantity  of  the  other.  When  iMiy  xtn  disHolvrs  iti  unotlicr  with- 
out acting  rheniH-alty  upon  It,  it  is  always  soluble  to  an  unlimited 
ext«nt,  and  this  is  a  characteriHtic  of  the  kind  of  aolutions  vitli 
which  we  arc  now  dealing 

The  pressor*  pxcrted  by  a  mixture  of  gases  is  the  sum  of  the 
Bsflsurea  of  the  constituents.    This  was  early  discovered  by  Dalton.' 
"we  represent  the  pressures  exerted  by  the  constituents  hyp„p^  — 
and  the  volume  of  the  mixture  by  V,  we  have  — 

PK-KCp, +  ?,+  ■■■)■ 

This  law  nf  the  Kummation  of  gaK-pre^sureH  tiohU  when  the  ga«rs 
Bre  not  too  concentrated,  i.e.  when  the  pressures  ar©  not  great.  At 
liigher  pressures  uiuny  exceptions  huve  been  discovered  to  this  gen- 
eralimtioii.  Indeed,  this  would  Vk'  expected,  since,  when  the  gaa- 
particles  are  comparatively  numcroo^  in  ft  given  spoee,  their  effect 
upon  one  another  would  eomc  prominently  into  play.  It  may,  how- 
ever, be  said  in  g«nvral  that  the  properties  of  mixtures  of  dilute 
gates  aru  npproxiinati'Iy  the  gum  of  the  properties  of  the  con- 
stituents. 

Solutioiu  of  Liquid*  in  Oases.  —  Liquids  in  general  have  the 
power  to  dissolve  in  gases,  or,  as  we  usually  say,  a  liquid  can  send 
off  vapor  into  a  space  cont,iinin)>  a  ipis.  Ordinary  evaporation  in 
ttie  presence  of  tlie  atmosphere  is  a  phenomenon  of  tlie  kind  we  are 
describin};.  The  law  of  the  solution  of  a  liquid  in  a  gas  was  ala» 
discovered  by  Dall^in.'  The  vapor-pressurc  of  tin*  vapor  of  a  liquid 
in  the  presence  of  a  gns  is  the  same  as  in  a  vacuum.  A  number  of 
supposed  exccj>tions  to  this  law  have  been  pointed  out  by  RcgnnuU* 
and  ollicrs,  but  thtrvccnt  work  of  Oalitzine*on  water,  ethyl  chloride, 
tad  ether  shows  that  the  vapor-pr^ssure  of  these  substancvs  in  a 
TKuum  is  very  nearly  the  same  as  in  the  air.     Some  of  the  apjuirent 


■  Sitt>.  Abr.  is,  S86  (1803). 

•  Ibid.  I».  SOS ;  IB,  21  (IfWl-lSOCt). 
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«xLi.'ptioiis  to  this  law  are  probably  due  in  part  bo  a  solution  of 
gas  in  the  liquid  with  whivh  it  is  in  cvotacl.  This,  as  we  sliall  see, 
toirrrs  the  vapor-tvnsloo  of  the  liquid,  and,  consequently,  affects  tlte 
ilubility  of  tho  liiguid  in  th«  gas  in  question. 
Solutions  of  Solids  in  Qases.  —  There  are  solids  kuowu  which  pass 
over  into  vapor  in  the  i)reiience  of  a  gas  witliout  tlr.st  becoming 
liquid.  Thus,  iodine  vaporizes  at  au  elevated  tem]>era.ture  in  tlie 
presence  of  the  atmospbeio  or  other  gases,  ^iit^h  mixtures  are 
as  truly  solutions  of  solids  in  gases,  mt  tho»e  whii-h  wa  have  been 
considering  aiv  eulutiona  of  ga»i-.t  or  liquiUit  in  gascit.  About  all 
that  is  known  of  Koliitionx  of  solids  in  gn^es  is  that  the  solubility 
in<T<'iMi!-Ji  with  rise  lit  t<?nipcratwre.  This  is  usually  expressed  by 
saying  that  tiie  vapor-tunsiou  invivases  with  rise  in  tuinijer&ture. 


SfH.IJTIONS  IN    r.KiflDS 

Solationi  of  Oases  in  Liquids.  —  In  dvaling  with  solutions  in 
liquids  as  solvent,  we  niuiit  distinguish  iH-twoen  tlie  cases  where 
chemical  action  takes  place  between  the  dissolved  substance  and  the 
solvent,  and  where  there  is  i}o  chemical  action.  The  latter  consti- 
tute the  true  solutions  in  liquids. 

All  gases  are  absorbed  to  some  extent  by  all  liquids,  the  amount 
of  gas  absorbed  varying  greatly  with  the  ttatuio  of  the  gas  and  also 
with  that  of  the  liquid,  A  given  gas  is  absorbed  by  a  given  liquid 
to  a  very  different  extent  under  different  conditions.  It  is  well 
known  that  the  greater  the  jiresRure  to  which  the  gas  is  subjected, 
the  larger  the  amount  dissolved.  A  very  simple  relation  was  dis- 
covered by  Henry  '  connecting  the  solubility  of  a  gas  with  the  pre.ts- 
ure,  and  which  h.os  coine  to  be  known  as  Henry's  law.  The  amount 
of  a  giu  di.sxolved  by  a  liquid  is  proportional  toUie  pressure  to  which 
the  gaa  is  subjected. 

Heniy  t«sted  his  law  for  several  gases  at  pressures  ranging  from 
OBO  to  three  atmonphores,  and  found  that  it  held  quite  closely.  It 
has  since  been  subjoct«d  to  more  careful  test  by  Bunsen  and  others,' 
with  tho  result  that  the  law  has  been  shown  to  agree  very  closely 
with  the  results  of  the  best  experiments. 

Exceptions  to  the  law  of  Henry  are,  however,  dot  wanting.  If  tlie 
gas  is  very  soluble  in  the  liquid,  the  law  does  not  hold.  This  was 
found  by  Itoscoe  and  Dittroar*  to  be  the  ease  with  ammonia  in 

'  PMI.  Trxinr.  {1S03).     Rflft.  Ann.  SO.  H7  (ISOrO. 

'  Khsnlkol  nml  I,c>iiKnlnlne:  ^nn-  Vhim.  J%y«.  [4],  11,  41S  (IWT). 

•  lieb.  Ann.  US,  340  (1869). 


soLtrnoss 


169 


water;  and  similftr  reaalts  were  obtaiDod  by  Watte.'  When  the  gaa 
is  very  soluble  in  the  liquid,  the  solution  formed  is  oonc^nti-ated. 
W»  have  just  seen  that  the  law  of  Henry  doea  not  apply  to  swcli 
aoIutioDs.  We  shall  see  that  practically  all  of  the  relations  which 
bare  been  found  to  hold  for  dilute  solutions  fail  to  bold  in  concen- 
tralcd  solutions.  That  Heiirj's  law  should  not  apply  to  concentrated 
soliitiDiiii  should,  tlterefore,  mil  be  a  matter  of  any  surpriift 

Solutions  of  Liquids  in  Liquids.  —  lu  dealing  with  solutions  of 
]i([tii<i.i  ill  liipiids  we  iniixt  dixlinKiiJsli  xharply  between  two  ouKes. 
First,  wlitrre  tin)  liqiiiils  are  iiilitiiti'ly  sohihlu  in  each  Otlivr,  or,  as 
v«  any,  when!  they  ai«  iiiiscible  in  al!  pio[)t>rtioii8,  a«  alcohol  and 
watiT.  This  case  siip^rate  tlm  solution  ot  one  gas  in  awothiT.  Here, 
as  we  have  sct-n,  we  always  liavc  infinite  sulnbiltty,  —  pw<-^  mixing 
with  one  aiKitlier  in  all  priijiortioni*.  Second,  wlieio  tlie  liqnuls  are 
misciblo  to  only  a  liiniUnl  extvnt,  as  wat«r  and  vtber.  Here  ire 
encouuter  a  nvw  condition,  wliiclt  we  shall  frequently  meet  with 
herciiftrir  in  duiliiig  with  solutions,  i.e.  limited  solubility.  The  prop- 
erties of  these  two  classrs  of  liquid  solutions,  as  we  shall  see,  are 
quite  diflerent.  In  addition  to  the  above  cases,  there  are  liquids 
which  are  piaetieally  insoluble  in  one  another;  hence,  mixtures  of 
such  liquids  cannot  be  regarded  in  any  tr\io  sense  as  solutions,  since 
the  constituents  can  be  readily  separated  mechanically.  There  is, 
however,  no  liquid  which  ia  absolutely  insoluble  in  any  other  liquid, 
so  tliat  the  last  distinction  is  not  a  sliarp  one. 

Firxl  CViws-^The  properties  of  mixtures  of  liquid.4  whifh  mix  in 
all  pTO))ortions  are  not  the  sum  of  the  pro^ierties  of  the  <-oii.-(tiCuents. 
^Vhen  »ucb  liquids  are  mixed,  there  is  a  cliange  in  volume.  Csually 
the  volume  decreases  on  nitxini;;.  but  in  some  instanct-Jt  it  tnrrras«s. 
Changes  in  temperature  accunipauy  the  mixing  of  liquids-  lu  some 
cases  hi'at  is  evolved;  in  others  it  is  aluurbed.  Xo  relation  has  thus 
far  lx>on  disco vcrtKl  betwi-on  the  vuliinu'  changvs  and  thermal  changes 
of  siwh  mixtures.  Sometimes  h<'at  is  evolved  when  there  is  con- 
traction, in  other  cases  when  there  is  expansion  in  volume 

The  properties  of  liquid  mixtures,  however,  are  often  not  widely 
different  from  the  sum  of  the  properties  of  the  ooufititnents.  In 
such  cases,  where  the  properties  of  the  mixture  are  nearly  "addi- 
tive," they  can  be  approximately  calculated  from  those  of  the  con- 
Btituenta.  If  the  volumes  of  the  two  liquids  before  they  are  mixed 
are  f|  and  v^  the  volume  of  the  mixture  v  is  approximately  — 

v  =  ^  +  tV 
>  ZJA.  A»>i.  Suppl.  6,  837  (ie<U). 
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One  other  example  will  suffice  to  illustrate  this  point.  Take  tke 
power  of  liquids  to  refract  light.  If  we  represent  the  weight  of  the 
mixture  by  H',  the  index  of  refractiou  by  N,  stni)  the  density  by  Z>; 
aiitl  llie  ci>ri«B[ioniling  values  of  the  constitucots  by  ic,,  wn  it,,  ■•-, 
ihi  '■s  >>h  '">  <^  <'«  (Ik  —t  ^^  foUowiug  formula  was  deduced  by 
Landoll:'  — 


W 


D  d,  dt  d. 


This  formula  was  tested  for  a  number  of  mixtures  by  Laii dolt,  and 
found  to  hold.  Much  more  recently.  Schutt'  etudied  the  refractive 
power  of  iiiixtiir&H  of  ethylene  bromide  and  propyl  ulcoliol.  The 
index  (if  refraction  for  the  sodium  tine  was  rvpresented  by  ii  for  the 
mixtun%  by  ",  iiitd  n,  for  the  pwistituenta;  the  denaity  of  the  uiix- 
turii  is  (',  Ihait  of  the  coiiKtitueuts  d,  and  d»  The  perc-eutagu  by 
weight  of  the  one  con.ttitueut  is/i,  tliat  of  the  other  100— j>:  — 

a  —  1_«[—  1   p   4. "i  ~  ^  100— j^ 


d,      100 


100 


SoliBU  tested  tliis  formula  fur  il  numbi'r  of  different  lines  in  the 
Bpeotnim,  and  found  that  the  dilTeniiiiw  Ijetwueii  the  value  calculated 
for  the  mixture  and  tliat  found  experimentally  was  about  one  per 
cent,  and  the  difference  was  always  on  the  same  side.  He  then 
showed  how  the  refractivity  of  oue  of  thu  constituents  could  be  cal- 
cnlated  from  that  of  the  mixture,  knowing  the  refractive  power  of 
the  other  constituent,  and  the  percentage  com)X)aitio[i(>f  the  mixture. 

We  sec  from  the  above  example  that  with  ndxttirrs  such  as  we 
are  now  considering,  the  properties  are  never  irt.rictly  "additive," 
They  are,  at  best,  only  approximately  so,  and  in  many  cases  differ 
Tery  considerably  from  the  sum  of  the  pnipertics  of  the  constituents. 

Second  Clats.  —  A  large  nunilwr  of  HipiidM  are  known  which  dis- 
solve one  another  to  only  a  limited  extent.  I'he  ease  of  ether  and 
water  has  already  beeu  mentioned.  It  is  not  a  simple  matter  to 
calculate  the  properties  of  such  mixtures  from  those  of  the  constitu* 
ent».  One  property  of  sudi  mixturrx,  however,  is  especially  interest- 
ing ;  1.*.  the  efEect  of  temperature  on  the  composition  of  the  mixture. 
The  work  of  Alex^w '  ban  shown  that  salicylic  acid,  which  melts  at 
156*,  becomes  lt<iuid  under  boiling  water,  and  when  heated  with 
water  in  a  closed  lube  a  little  above  100',  this  liquid  mixes  with 

'  /.i>6.  Ann.  Sappl  *,  1  (IMS).  '  ZUi-hr.  phv'.  '^'"i-  9.  MSt  (l»Oi). 

'Journ.prakt.  CAm.  183,  .*.18  (188a)i  Bull  .Soft  Chim.  99,  145(168*). 
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water  in  all  proportions.  The  liquid  beneath  the  water  is  not  moltea 
aalii^ylic  aoid,  but  a  solution  of  water  in  salicylic  avid.  lu  the  case 
of  liquids  wliicli  uix  to  only  a  liiuil«d  cxt«iit,  we  atwuys  have  two 
solutions  formed  —  tliat  uf  A  in  B,  tvnd  that  of  II  in  A  —  if  ther«  is 
more  of  tbe  one  coiistitiiL-iit  present  than  will  satumtc  the  other,  la 
the  above  case  we  have  a  solution  of  salluylii;  acid  in  water,  and  a 
solution  of  water  in  saliuylie  acitl.  Thvse  two  become  iniscible  in 
elU  proportions  at  a  certjiin  elevated  temperature,  as  we  have  just 
seen.  This  bus  been  found  to  be  a  general  property  of  liquids  which 
mix  to  only  a  limited  extent.  The  two  solutions  merge  into  one  at 
a  temperature  moi-e  or  less  elevated,  but  which  can  usually  bo  real* 
ized  expcrimcutally.  These  facts  are  shown  very  clearly  by  the 
following  curves,'  the  abscissas  representing  temperatures,  the  ordi- 


ria.lt. 

'  nates  pn  rant  of  diasolvMl  Bubstsnoe  in  100  parts  (tf  solution.  Theae 
eurvcs  represent  aquMus  solutions  of  phenol  (1),  salicylic  auid  (2) 
benzoic  acid  0),  aniline  phenolute  (4),  and  aniline  (i!).  At  tlie  lower 
temperatures  wo  have  in  each  case  two  distinct  solutions  npresenlAd 
by  Die  two  arms  of  each  curve.  The  lower  arm  rtrprescnta  the  solution 
of  the  substance  in  water,  there  being  relatively  little  subsUtnoe  and 
much  water  present  in  this  solution,  aa  is  shown  by  the  small  value 
of  the  ordinate  of  this  branch  of  the  carve.  The  upper  arm  repre- 
sents the  solution  of  water  in  tbe  substance  in  q\iexti<)n,  the  iutter 
being  present  in  very  large  per  cent,  aa  shown  by  the  large  value  of 
the  ordinate.  As  tJie  temperature  rises  in  each  cnse,  the  two  anus 
of  the  cvirve  approach,  and  at  a  certain  temperature  which  is  deft-, 
nite  for  eacli  tubatanoe,  the  two  arms  meet.    This  means  that  at  thit] 

■  AIn4ew:  BulL  So6.  CMm.  SB,  US  (IMS). 
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temperature  th«  two  solutions  —  that  of  A  in  B  aiul  Utabof  B  in  A 
—  become  i<]«iiti«t],  uud  tUitt  Uie  Iwu  Hiibsunu-ea  cau  mix  in  all 
proportions. 

The  sB(x>ud  clasa  of  solutions  of  liquids  in  iiquiilx,  i.e.  tlioM  which 
mix  to  only  a  limited  extent,  ciin,  thou,  bi-  n-gntd<^  as  a  special  con- 
dition of  the  first  class,  v,-hi<'li  mix  in  all  ptupurtioni!.  Thv  condilion 
1r,  that  ordinary  temperatures  aic  below  that  at  which  such  liquids 
would  mix  in  xll  piupoitiuus.  When  solutions  of  liquids  whith 
belong  to  the  sceouil  dais  are  heated  up  to  a  certain  temperature, 
the;  became^  mitK'ible  iu  all  praportious,  and,  conse((uoutly,  i>aas  over 
into  soluiifni.f  t)f  tlie  fitsl  class. 

Tapor  preuure.  Boiling-point,  and  Distillation  of  Liquid  Hix- 
turet.  —  I.  if  ihft  li'joidti  ilo  not,  mix  to  jyiy  appreciable  extent,  each 
cxvrbs  ilH  ourii  vapor- preatiure  indejMuident  of  the  other  liquids  w  bich 
may  b<i  present.  Thtt  Tapor-preaauro  in,  iheu,  the  huui  of  the  vapor- 
pres.Mirrs  of  the  liquids  which  are  bronchi  in  coiittti't  witli  one 
another.  This  ha»  been  verified  e\  |ierimt-titn]l  v  hy  Ktignault.'  A 
few  of  his  rvsulU  are  given  in  the  following  table :  — 


TKumiiisai 

Vina 

Camwi  Butu-UM 

an 

10.&  mm. 

26.2  [tun. 

9I0.T  mm. 
S8&T  mm. 

SIT  Jam. 
41S.0iiiia. 

412.3 

The  difTerenceA  here  are  less  tlian  one  i>er  cent,  Uie  anm  of  the  sejia- 
rali>  piettsiires  beiny  ali[;hUy  greater  than  the  vapor-piessure  of  the 
mixture.  This  id  Jiiat  what  we  would  expeot,  since  each  liquid  is 
•lightly  Koluble  iti  the  other,  aud,  aa  we  shall  see,  would  therefore 
•lightly  lower  the  vapor- press  lire  of  the  other  liquid.  Similar  re«ulta 
were  olituined  by  Regnuult  for  other  jiairs  of  liquids  u-liich  diAK^ve 
oae  another  to  only  a  slight  extent. 

Sucli  mixtures  as  the  above  would  necessarily  boil  lower  tluui  the 
lowest  boiling  ronstitiient,  since  the  vajior-prcssures  of  tlie  several 
eonstitiiiMla  .siimmate,  and  would  overcome  the  pressure  of  the 
atmosphvrc  at  a  ti^mtieratuiv  lower  than  that  at  which  the  lowcbt 
bodliuK  ooiistitiient  alone  would  overcome  it. 

The  vajHjrs  of  such  mixtures  woidd  contain  all  of  tlie  eoDStUiv 
ent«,  and  in  tliv  same  proportions  as  the  relative  vapor-pressures  ot 
the  liquids  present.  When  such  mixtures  are  di8tille<l,  the  distillate 
would  contain  all  of  the  liquids  pi-eseiit.    The  quantity  of  each  would 
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depeud  upon  tie  relative  v«por-pk«HSUTM  at  the  temperature  of  iii&. 
tiUation.     Some  expirations  to  tliis  simple  rule  have  been  iliscovered. 

11.  If  the  liquids  are  partly  miscible,  tlie  vapor-presHure  of  the 
niixtun)  is  less  tiiaii  tliu  sum  of  tho  vajmr-presaures  of  the  conslitu* 
euts  at  the  same  teiDporature.  This,  agaiu,  ia  wliat  we  would  i^xiieice, 
siufio  eaeh  liquid  pi-esent  would  depress  the  vapor-tensiou  of  the 
othi^r.  Ill  these  ta&e.H  it  is  not  iwexible  to  n&y  ofTUaml  ju.tt  what  the 
builiiii;-|><'i»t  would  be.  It  K^iicruJIy  lie.i  Ijclnw  ilw  lii>iliiiF;-]i(iiiit  of 
the  lowr-*t  Imilinjf  coiistitupiitT  liut  it  caii  Ix-  foineitli-iit  witli  it,  or 
even  hiKlioi*  llitm  Uiis  ti-mjwratiirc.  The  pusittou  of  the  boiliug- 
jioiiit  of  the  inixtiin-  with  respect  to  that  of  the  cjiistitu elites  uoald 
be  conditioiird  largi'ly  by  the  degree  of  solubility  of  vavh  liquid  iii 
th«  other.  If  the  liquids  rnultly  dissolved  one  another,  thero  would 
bo  a  considerable  de|>re8siou  of  the  v;ijior-teiisit>n  of  ea<'h  by  the 
other,  sum),  consequently,  the  mixture  would  boil  higher;  if,  on  the 
Other  hand,  the  liquids  were  only  slightly  soluble  in  each  other, 
there  would  be  relati?oly  little  depression  of  the  vapor-tenaioiis,  aiHi 
the  mixture  would  boil  lower;  in  this  case,  lower  than  tlie  lowest 
hoi  ling  couatitueut. 

When  Kuoh  mixtures  are  distilled,  the  jirodiict  cont^na  all  of  tlie 
cuiistiluents.  The  »mi|iosilion  of  Die  prixluct  remains  constant  as 
lon^  as  thoro  ate  two  luyem  pn^ciit,  fiiuee  ea<rU  solution  has  it«  own 
definite  vajwr-pn-s.-dire  at  a,  ^'ivcii  tetnjiRrature.  Tiie  effect  of  dUtil- 
lat40n  Would  Iki  Uj  diininiKii  t.he  lower  boiliiig  solution  more  rapidly 
limn  lh«  higher  tMiiling. 
While  Ihi-re  yecn  two  wlu- 
tions  present  tlte  boiling-point 
would  remain  roiDtt^mt,  and 
would  ehiingo  only  when  oue 
of  the  layers  disappeared. 

Koiiowalow*  has  studied 
the  products  of  distillation  of 
such  mixtures,  and  has  plotted 
his  results  in  ctirrea.  The 
abscissa  represents  percentage 
of  aleohol:  tJie  ordinate,  va- 
por-pressure. The  following 
ourVes  Kpresont  the  results 
tor  a  mixture  of  water  and  isobutyl  alcohol. 

Konowalow  measured  the  vapor-preasurea  of  the  mixtures  at  dif- 


T-»8"T* 


T-31»0 


T-:iTo 


T-6aTo 


T-H'.O 


Fkacuitjum;  UuaintL  At>cuHui.- 


>  IPrctr.  Ann.  14,  M  (18S1). 
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fereDt  t«iDi>crftturcs.  The  roeulU  in  the  above  table  of  ciirvca  were 
obtained  betweeu  41"  nitd  88*.7S.  Wbilu  th«  alcohol  picsent  was 
not  HufScient  to  saturate  tho  water,  the  vapor-prcssuro  of  the  solu- 
tion increased  with  increase  in  alcohoL  This  i§  shown  by  the  rise 
in  the  curve.  When  tiie  water  became  saturated  with  the  alcohol, 
the  vapor-pressure  became  constant  and  iudependeiit  of  the  excess 
of  alcohol  present.  Such  a  mixture  has  a  cunitiaut  boilint;-point, 
and  the  distillate  a  oonstant  noiu[)ositiou.  AVhen  the  excess  of  alC'O- 
hoi  ]>i«3ent  beoouiea  so  targe  that  alt  Die  reiuaiiiiii);  water  present 
can  dissolve  in  tt,  Uie  va[K>r-preHHiire  a^Ju  eliaiigvsi  willi  itie  eoinpo 
sitifin,  as  is  shown  hy  the  fall  iii  the  curve.  The  vapor-pre^ure 
finally  falls  to  the  value  for  pure  alcohol. 

If  the  nuKltive  rcprtvwiiUHi  l)y  any  point  on  tlii'-  strai);ht  Hue  ia 
distilled,  the  coinposition  of  the  vapor  and  thu  builing-potut  will 
remain  constant.  Itut  if  a  mixture  represented  by  any  point  on 
either  the  rising  or  falling  arm  of  the  curve  is  distilled,  the  com- 
position of  the  vapor  and  the  boiling-point  will  etiange  gradually, 
until  the  liquid  which  is  present  in  relatively  large  quantity  will 
remain  behind  in  nearly  pure  condition. 

III.  If  iho  liquids  are  soluble  in  one  another  iu  all  proportions, 
the  vapor-pressuie  of  the  mixture  is  always  less  Uiaii  the  sum  of  t]ie 
vapor-pressures  of  the  constitueuts  at  tlie  same  tern iieiat lire..  This 
follows  of  necessity  from  the  fact  ttiat  a  dissolved  Kulislaiice  lowers 
the  vapor-pressure  of  the  solvent.  The  coin  position  of  the  vajwr 
given  off  from  such  mixtures  bears  no  close  i-clation  lo  the  comix*- 
sitiuu  of  the  mixliiri^.  The  vapor  contains  u  juc pond r rating  aiuiniiit 
of  the  most  volatile  constituent.  U]<on  this  fact  rests  the  poM«ibility 
of  separating  such  mixtures  by  fractional  distillation. 

It  is  diificult  to  say  at  ontso  where  such  mixtures  will  boil  with 
resiM'ft  to  the  bniling-jiointK  of  the  constituents.  We  have  seen  that 
the  vapor-pre.Wiuw  of  such  a  mixture  is  never  equal  to  the  sum  of  the 
Tspor^pressures  of  the  constituents.  It  may  He  between  the  sum  and 
the  higher  or  lower  vapor- pressure  of  the  constitueDts;  or  it  may 
even  fall  below  tlic  pressure  of  the  constituent  which  has  the  lowest 
vapor-pressure.  The  boiling-point  of  such  mixtures  would,  of  course, 
vary  inversely  as  the  va|H>r-pressures,  and,  eoiisequeiitly,  no  general 
relation  between  the  boiling-points  of  such  mixtures  and  ihate  of  Uie 
constituents  can  be  established. 

When  such  mixtures  are  distilled,  that  constituent  which  has  the 
highest  vapor -pressure  (lowest  hoiltug-point)  tends  to  imss  ovei  in 
largest  quantity.  Hy  rejK-nting  the  distillation,  it  is,  therefore,  pos- 
aible  to  obtain  Hm  lowest  boiliug  constituent  in  nearly  pure  cou- 


SOLUTIONS 


175 


PCRCENTJUIE  METHYL  ALCOHOt. 

Fio.  in.    ^Vatrr  *xn  Mhtnti.  Aix'oroi.. 


(tition.    Konownlow'  studied  the  composition  of  the  TKfot  and 

vupur-prcKSuru  at  ditforeiit  temperatures,  of  mixluiesof  liqplidf  vbMlJ* 

mix  in  nil  proportions.    The 

tollowitif;  curves  vrt-re  plotted 

from  his  results:  — 

Th«    curves    for    methyl 

alcohul  and  water,  and  etliyl 

alcohol  and  water,  show  that 

as  the   aaiount^   of    alcohol 

increase,    the    vapor-pieaauie 

increases.    The  curvea  show 

no  sign  of  any  maximum  or 

minimun)  of   vaiKir-preA-siirt-, 

and  itince  the  Lenditiicy  is  for 

that  HtihstaiiOH  to  iMiNV  over 

fimt  which  ha«  the  gr<'ttt»?,st 

vajior-pressurp,     the     lowest 

Uiiliiifc  stibstanc«  will  puss  over  in  nearly  puro  condition,  since,  as  ig 

seen  at  once  from  the  curves,  the  v^)or-tonBion  increases  as  this  sub- 
stance becomes  greater  and 
greater.  MiKtiircs  such  as 
methyl  alcohol  and  water,  and 
ethyl  alcohol  and  water,  caaj 
then  be  separated  by  fractional 
distillation.  All  mixtures] 
whose  vajwr-tctision  curves  are 
of  this  type  (Figs.  16  and  17), 
I'.e.  do  not  have  maxima  or  mini- 
ma, can  be  separated  more  oc 
less  completely  by  fractional 
distillation. 

Mixtiiret  wilh  CoMlaiit  Botf- 
inff^int.  —  Konowalow '  also 
studied  mixtures  of  water  and 

]>ropyl  alcohol,  and  wat«r  and  formic  acid.     Hia  results  are  plotted 

in  tJie  following  curves:  — 

The  curves  for  mixtures  of  water  and  propyl  alcohol  at  different 

t«mperatures  all  show  a  maximum  of  vapor-tension,  when  there  ia 

about  70  per  cent  of  the  alcohol  present.    This  mixture,  containing 

about  30  per  cent  of  water,  lias  a  greater  vapor-preasure  than  any 
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Fra.  17.    W&raa  aid  Brmi.  Altohul. 
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otber  mixtiiro  of  tlmo  two  substances.    TliU  mixture  vrill,  Ui«q, 
have  the  lowest  boiUog-point  of  uny  possible  mixture  of  vMur  aud 
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propyl  alcohol;  and  if  we 
distil  any  mixtare  of  these 
Hubstaiici^s,  tlie  distillute  will 
tt-nd  moif  atid  aioii?  to  tliu 
campo^ition  of  this  mixture. 
If  wt>  repeat  the  distillation 
several  times,  we  shall  obtain 
filially,  not  juiic  water  op 
pum  proi\vl  alcohol  as  the 
di.itillaU-,  but  Uie  mixture 
having  the  uiaxiintini  vapor- 
tension,  unil,  oonsequently, 
the  lowvat  builing-iHitiiL 
The  curves  for  fontiiv  aeid 
and  water,  insteiid  of  showing  a  uiaximum  of  vapor-ti^nsiun  show 
a  mtnimiun.  This  miuimiuii  exists  when  the  inixtiin-  contains  aiimt 
75  per  cent  of  formic  acid.  A  mixture  of  this  composition  lias, 
then,  a  lower  vapor-teaaion  than  any  other  mixture  of  walpr  and 
foriuic  aeid,  ajid,  consequently,  a  liiifher  boiling-paint.  If  any  mix- 
ture of  these  two  substaiifcs  is  distilled,  the  eoiuposition  of  the 
residue  will  approach  iiiortT  and  :uore  nearly  to  that  of  the  mixture 
having  the  lowest  vapi>r-l«n- 
aion,  and  by  rfi>eal*d  dis- 
tillation we  can  linally  olitain 
[a  residue  in  Llie  llask  whicdt 
corresponds  very  closely  to 
this  coniptKtition. 

It  is  obvious  thjit  mixtures 
which  show  a  maxtmam  or 
Hiinimuin  vapor-tcnsion  can- 
not 111-  Mi-|inrntcd  into  their 
constituiriits  by  fmctional  dis- 
tillation. Instead  of  obtain- 
ing the  puro  substances,  a 
mixture  will  be  obtained,  in 

the  one  wise  in  tlie  distillate  having  a  luaximum  vaportenMon,  in 
the  olh^r  in  the  residue  havin"  a  miuimucn  vapor-teiision. 

Smli  mixtures  with  constant  l»oilini;-points  have  long  been  known, 
and  were  once  supposed  to  be  definite  chemical  compounds.  A  mix- 
tore  of  20.3  per  cent  of  hydrochloric  acid  and  water  lias  a  constant 
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IpiiiiR-poiDt,  110",  at  the  preaaure  of  the  atmosphere,  and  can  be 
^HStiltetl  without  change  id  compoititimi.  Siiuilarly,  a,  mixture  con- 
taining f>^  p«r  cent  of  uitrio  ^u-.id  in  watvr  has  a  coiuitaul  Itoiling- 
ptn:it,  and  many  oUierx  are  known. 

Boacoe '  lias  pn)ve<l  Uuit  tlioae  mixtures  tire  Dot  dtofiDito  chemi- 
cal compounds,  by  showing  tliat  thv  eomiiositioD  »t  th«  dutillsto 
clianged  when  the  distillation  was  cffoctiKl  undt-r  diffcrimt  pressures. 
Tbtis,  wh«n  a  mixture  of  hjdrochlorie  ncid  and  water  was  distilled 
under  a  pnwsure  of  two  atmosphcrt's,  the  mixture  which  had  a  con- 
stant boiling-point  contained  1^)  pn  cent  of  the  acid,  instead  of  30.2 
-per  cent  as  when  the  disCiUatlou  was  carried  on  under  a  pressure  of 
one  atmosphere. 

There  is.  then,  not  the  slightest  reason  for  regarding  these  mix- 
tures nith  conHt.int  Ijoilinj^-point^   as  chemical  compounds. 

BolntioiiB  of  Solids  in  Liquids.  —  Whenever  a  solid  is  brought  into 
the  jireKiiicu  uf  a  liquid,  xmnu  nf  the  st>Iid  dissolveit.  This  i.t  per- 
fectly genirml;  for,  lut  we  shiill  lUx-,  trven  metallic  plutinuni  dissolvcR 
to  a  sliKht  extent  in  wivt^r.  When  we  consider  the  mimber  of  solids 
and  li<].iiids  known,  it  is  evident  that  the  number  of  such  solutions  is 
almost  iutinitc.  Indeed,  we  have  become  so  accustomed  to  solutions 
of  this  class,  that  when  the  tenn  "  solution  "  is  used,  we  think  first  of 
the  solution  of  a  solid  in  a  liquid  solvent.  The  most  striking  char- 
acteristic, perhaps,  of  solutions  of  solids  in  liquids  is  that  there  is 
a  limit  to  the  sobibitity  of  every  solid  in  any  liquid.  ^Ve  know  of 
no  solid  wliich  dissolves  to  an  unlimited  extent  in  any  liquid.  The 
decree  of  solubility,  however,  varies  greatly.  Some  of  (he  more 
resistant  metals,  like  gold,  platinum,  etc.,  are  so  nearly  insoluble  in 
neut  ral  liipiidn,  that  tin-  nii«L  rcruied  chemical  melhods  are  ineapable 
of  detecting  their  prcMxn^  in  the  solvent,  aud  only  the  most  refined 
physical  aiul  physical  i-hcmical  mtttlKxls  can  show  Ihat  they  iiave 
any  solubility  whatever.    The  solubility  of  »<nno  eonipounds,  on  the 

ler  hand,  is  very  great  indeed.  We  sln^uhl  inenlSon  especially 
strontium  and  calcium  salts  of  permanganic  acid.  These  have 
recently  been  prepared  in  quantity  by  Morse  and  Ithwk,*  u&ing  the 
beautiful  method  of  preparing  permanganic  wid  devised  by  Morse 
and  Olsen,'  and  their  aolubtlily  in  water  determined.  One  jmrt  by 
weight  of  water  at  IS"  dissolves  2.9  parts  of  strontium  per- 
manganate and  3.31  parts  of  calcium  permanganate.  Vet  even  in 
such  extreme  cases  as  the-te.  a  limit  is  reached,  and  beyond  this  tt  is 
impoesihie  to  go.    That  paint  at  which  a  liquid  caunot  take  up  toon 

*  Utb.  AuM.  lie,  mz  (18A0).       «  niutcrinilon.  JoUnii  Hopkins  Univ.  (1000). 
*Jmcr.  C>i>m.  Joura.  S),  J3]  (1900). 
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of  the  BolUI  at  a  given  tempcratun;  is  known  as  the  point  of  wfura- 
tioH,  and  such  a  solution  ia  known  as  a  mtturaled  solution. 

There  are  two  general  toothoda  of  proparing  Eatumtrd  solutions. 
The  iiiibstance,  say  a  salt,  i&  brought  in  coutact  with  thi<  solvent  and 
the  two  shakeu  together  at  a  constant  temperature,  until  the  liquid 
will  take  up  no  more  of  the  salt.  This  is  theoretically  very  siinple, 
but  it  is  found  in  practice  that  the  time  retiuired  to  fully  saturate  a 
solution  in  this  way  ia  in  some  cases  very  great  indeed. 

Another  method  which  han  been  employed  is  based  u)>(>n  the 
Cact  that  the  solubiiity  of  many  subtttiunes  itioreaAes  with  rise  in 
tcni!>cnitun'.  If  it  is  desired  to  saturate  a  solvi'nt  at  a  K'^eu  tvin* 
porature,  it  is  heated  to  a  soniewlmt  higher  tuniperature  and  shaken 
with  the  HubsUnce  U)  Iw  didsolved.  The  amount  whiih  ia  readily 
dissolved  at  the  higher  temperature  is  nior«  than  sufliii^mt  t*»  satu- 
rate the  solutitm  at  the  lower  K-niperature.  ^Hieii  the  solution  is 
cooled  down  to  the  desired  tempeiatiire,  auy  ext^^ss  of  the  dissolved 
substance  will  separate  out  in  the  presence  of  som«  undissolved  sub- 
stance, and  the  solution  will  be  saturated  at  the  required  tempera- 
ture. While  the  results  obtained  by  the  first  method  are  generally 
a  little  too  low,  due  to  the  incomplete  saturation  of  the  solution, 
those  obtained  by  the  second  are  generally  a  little  too  high,  since  all 
of  the  excess  of  substance  in  solution  may  not  separate  unless  Uie 
Bolutioa  is  vigorously  stirred,  and  brought  freely  in  nontaet  with 
some  of  the  undissolved  BuliKlanee.  In  studying  saturated  solu- 
tions it  is  l)est  to  use  both  methods,  and  lake  the  mean  between  the 
tesulta  of  the  two. 

Just  as  we  may  have  solutions  which  can  take  up  more  of  tJia 
dissolved  substance  and  are,  tbvmfore,  vnimtumteil,  so  we  may  liaw 
Bolutiona  which  contain  more  of  tlie  dissolved  stihstaiiee  than  eorr«- 
Spends  to  a  state  uf  stable  ec]tiilibrium.  Such  solutions  whirh  arc 
in  a  t!tite  of  unstable  equilibrium  are  termed  mipfrnatumlt^L  It  a 
Buperwituniteil  solution  is  shaken  with  some  of  the  undissolved  sub- 
stance, the  excess  of  substance  in  solution  will  be  deposited,  and  the 
8u|i«T3atunited  »nl]  become  a  saturated  solution.  We  thus  have  a 
ready  means  of  distinguishing  betweeu  the.se  three  conditions  of 
solutions,  If  the  solution  can  take  up  more  of  the  dissolved  sub> 
stiuicv  at  a  given  temperature,  it  b  unsaturated  at  that  teiuperaturek 
If,  when  brought  in  contact  with  some  of  the  iindisttolved  iiiibi«tftnoe 
it  neither  dissolves  more  of  the  aubstanee  nor  deposits  any  of  tliat 
already  in  solution,  it  is  a  saturat.-il  solution.  If  in  contact  with 
some  of  the  undissolved  suliKtittici-  it  deposits  some  of  the  suhciUknoo 
already  in  solution,  it  is  a  su^ieraaturated  solution.     Supersaturated 
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solutions  are  fonned  moat  readily  by  salts  vhich  crystallize  with 
water  of  crystallization.  A  number  of  anbydrous  salte  caii  also 
form  supersaturated  sotutious. 

The  general  effect  of  temjieralttre  on  solubility  lias  been  indicated. 
The  Rolubility  of  most  subsuuces  in  most  solveiita  invi-tmscs  with 
rise  in  tviniwraturc.  Thi.-t,  liowi>vvr,  i.t  not  aJways  tni<f.  In  somo 
caavs  soliiliility  di^crease.t  with  mi^  in  tj'm[i)-rattir«.  Th«  best  oxam- 
plrs  ATv  found  auiung  tlui  utiiU  of  Uiu  organic  a<-idx,  nod  of  tbc»C  vro 
should  mention  cspvoialty  the  calcium  salts.  \Vh«a  a  saturated 
solution  of  a  calcinm  salt,  say  of  citric  acid,  is  heated  to  a  higher 
t«inj>craturo  than  thut  at  which  it  was  saturated,  some  of  the  salt  in 
solution  is  deposited  as  a  precipitate.  When  the  solution  cools  agaio 
the  precipitate  redissolves.  Similar  results  are  obtained  with  salts 
of  other  metals  and  other  acids.  The  decrease  in  solubility  with 
rise  in  teroperatnie  is  well  illustrated  by  some  of  the  cyanides. 
Much  work  has  been  done  on  the  properties  of  solutions  in  liquids 
A3  flolventa,  and  some  of  the  most  important  reaulta  in  phj'sical 
ohemiatry  have  been  obtained  in  this  field.  We  shall  now  take  up 
at  some  length  the  more  ini|Mirlant  of  these  investi^ttons,  and  sliow 
th«  lieariiig  of  some  of  the  results  obtained,  and  concluaious  which 
have  bi:<!U  reached. 

OSMOTIC   PRESSiritE 

Osmotic  PreHHTB.  —  If  a  solution  of  a  substance  in  a  solvent  is 
placed  in  a  vessel,  and  over  this  solution  the  pure  solvent  is  poured, 
we  shall  find  after  a  time  that  the  substance  is  not  all  contained  in 
that  part  of  the  solvent  in  which  it  was  originally  present,  but  a 
jiart  of  it  has  passed  into  the  layer  of  the  pure  solvent  which  was 
poured  upon  tlie  solution.  This  shows  that  there  is  some  force 
aiialoifoufl  to  a  pressure,  driving  the  dissolved  substance  from^ine 
rogiou  to  another,  from  the  more  coiicentratnl  to  the  le»a  concen* 
tnti-d  wnliitii.ii.     Thi>  jirt'isiiri-  lin.t  lici-ii  t^-rmcd  immiitif  prfii*ttre. 

DoBQiistratioB  of  OuDOtio  Pre»ar«.  —  Th«  exJMtruee  of  this  press* 
ure  was  early  rccwgnixcd.  Abb6  Xulk-t  dvmonntrated  ita  existence 
about  the  middlccif  the  eighteenth  century.  A  glasji  lube  closed  at  Uie 
bottom  with  aniinai  paichment  was  filled  with  ordinary  alooliol,  and 
the  tutie  then  immersed  in  water.  Wat«r  could  pass  in  through  this 
parcliment,  but  alcohol  could  not  pass  out.  The  contents  of  such  a 
tube  gradually  incn'ase<l  in  volume,  showing  to  the  eye  the  exist<-nce 
of  osmotie  pressure.  l>uring  the  first  Uiree-fourths  of  the  last 
century  oemolin  prcwunt  wait  denion.«trat«d  by  filling  an  aninial 
bladder  with  an  aqueous  solution   of  alc-obol  and  immersing  the 
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bladder  in  water.  The  water  passed  into  the  bladder  aud  the  alco- 
hol could  not  pass  out  iu  any  quantity,  ilence,  the  bladder  became 
distended  and  finally  burst.  It  will  be  obserred  that  in  all  of  these 
ejtjwrinients  recourse  was  had  to  animal  UK'iuliranes.  A  discovery 
WHS  uubatiiiiiently  made  whidi  has  entirely  dune  away  with  the  use 
of  nMurol  mcmbranos  in  demonstrating  osmotic  pressure. 

Thesis  nii'inbraiu'S,  which  iavu  the  prtijitrty  of  alliiwinji  the  aol- 
T«nt  to  pas*  through  thtni,  and  of  pnivt-ntiiig  the  di.swilvt-d  Nubslonce 
from  |>aii«in)i:,  arc  known  as  wmi-pemmblr.  It  was  M.  Tranbe'  who 
first  [>ri'paR'd  sut-h  svini-jicrnicttblo  mi-inbranM  artificially.  Ho 
found  that  crrtain  prpcipitatcd,  depositod  in  n  snitahlv  manner,  have 
the  property  of  allowinji  the  Bulvcnt  to  piiss  thrwigh  them,  but  Itold 
back  the  dissolvvd  substanco.  Thvse  prt^cipitatus  include  copper 
ferrocyanide,  and  a,  number  of  siniilar  gelatinous  suhstuices.  A 
good  method  of  demonstrating  osmotic  prcasure,  now  that  we  can 
prepare  artificial  membranes,  is  the  following.  A  glass  tube  about 
2  cm.  in  diameter  and  8  to  10  cm.  long,  is  tightly  closed  at  the  bottom 
with  vegetable  parchment.  This  Li  soaked  iu  water  for  some  boors 
so  as  to  drive  out  air-bubhles.  The  top  of  the  glass  tube  is  tightly 
closed  with  a  rubber  stopper,  through  wliich  U  ]iassed  a  fine  capillary 
tube  al>out  a  metre  in  length.  Tin-  end  of  Ihe  capillary  stioiilil  just 
pass  thnuigh  ihe  cork,  but  must  nut  piolrudn  beyond  lU  lower  sur* 
istee.  The  lui'Kt^  gla-is  tube  is  now  immi.^r)H:d  in  a  bealcer  nhich  ia 
Bufiiciently  deep  to  rewive  the  entire  tulio-.  Th«  tube  i»  then  firmly 
cUmpeil  in  a  vertifiiU  i>oe!ition.  Tins  l>cak»'r  is  filled  with  a  three 
per  rent  solution  of  eopiH-r  sulphate.  Tlio  rM)rk  is  then  removed 
from  the  tnbr,  an!  the  lalt«r  completely  filled  with  a  tJin'o  yn-r  cent 
floUition  of  pntiusium  fcrrocyunide,  to  whicdivnuugh  ]>otas£ium  nitrute 
has  been  added  to  make  from  a  one  to  a  two  per  cent  solution.  The 
tube  is  then  closed  as  tightly  as  possible  with  the  coik  through 
which  the  capillary  passes,  care  being  taken  that  no  air-bubble  remains 
beneath  the  cork.  The  apparatus  is  then  set  in  a  quiet  place  for 
some  days.  -Vfter  a  day  or  two,  if  the  experiiueiit  is  succ-esjiful,  the 
liquid  will  begin  to  riae  in  the  capillary,  and  nay  reach  a  height  of 
from  40  to  150  cm. 

The  experience  of  the  writw  has  bwn  that  not  all  such  experi- 
ments succeed.  Indeed,  the  number  wlui-h  givn  a  good  di'moiiBtra- 
tion  of  osmotic  pressure  is  only  about  one-third  of  the  total  attempts 
which  he  has  made.  The  frequent  failun:  is  doubtless  duo  in  part 
to  the  nature  of  the  parchment  uscd- 

Tbe  method  by  wtiich  the  serai-permeable  membrane  is  formed  in 
I  '  AreMtf.  Anal,  und  Phytiol,  p.  87  (I89T). 
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iBBe  U  almost  self-evident  The  copper  sclphate.  from  below 
liSiB&os  into  the  parclimeDt^  and  thd  potassium  feirocyauide  fitiia 
above  also  eaters  the  parchment.  The  two  meet  right  in  the  walls 
oi  the  vegetable  parchment.  At  the  surface  of  contact  lliev  fona 
ihe  gelatinoiia  precipitate  of  copper  ferrocyanJde  in  Uie  walU  of 
the  parchment.  The  precipitate,  deposited  in  this  manner,  lia«  the 
[iro[)erty  of  semi-permcability  —  it  allows  the  water  to  pasx  lJirou);h 
and  preveiitd  the  dissolved  substanoes  from  )ia»aiiig.  ^iiuri'!  oxmotic 
pressure  always  aets  so  that  \vater  patises  from  tko  more  dilut«  to 
the  more  ooucentrated  solution,  the  flow  of  water  in  Ui!s  oase  is  from 
the  copper  sulphate  on  tlu^  mitxide  to  thv  potiuiHum  ferrocynnide 
and  potassium  nitrate  on  thi;  iiiMi<li-.  Thii  liquid  rises  in  the  capillary 
due  to  the  inliovr  of  water  thrmich  tlu'  .M-mi-pprmeiiblo  mumbrane. 

Sone't  Method  of  measuring  Oimotio  Premrc. — The  mcaMuring 
of  osmotic  pres.-iure  lias  imw  b(t'iim«  a  very  nimple  inatl*r,  duii  to  a 
method  derised  in  thi.i  lalmrai'iry  by  Morsit,  and  dcnilupeit  by  Mi>r«e 
and  Horn.*  They  stat«  llie  object  Uiey  had  in  mind  iti  the  follawinj; 
words:  — 

*'  It  occurred  to  the  authors  that  if  a  soluliou  of  a  copjxr  salt  and 
one  of  jxttiisaium  feriocyanide  are  separated  by  a  jiorous  wall  whitdi 
is  filled  with  water,  and  a  current  is  passed  from  an  electrode  in  tlio 
former  to  another  electrode  in  the  latter  solution,  the  copjier  and  the 
ferrooysnogen  ions  must  mei.-t  iu  the  iiitei-inr  of  the  wall  and  sepa- 
rate as  cop]>er  ferrwyaniile  at  all  jioints  of  uieel)iif;i  so  that  in  iJie 
end  there  should  be  Imilt  up  a  continuous  membr.iiie  w>rll  nupiiorted 
on  eitJii:r  side  by  tlu^  material  of  the  wall.  The  results  of  our  experi- 
menij;  in  thix  dirrction  a[i]H>ar  In  liari>  ju.ttified  thf.  ex|i(-(!t:itt(iii." 

In  onler  Ui  iwmove  Utu  air  contained  in  the  walls  of  tin?  cup  tliey 
uso  "of  the  strong  antoftnose  wliich  apjiears  when  it  current  ia 

ised  through  a  porous  wall  scparutto);  two  ]>OTl.ioiis  of  a  dihile  .sold- 
tioD  in  which  the  tiro  electrodes  arc  immertHid."  A  dilute  boiled 
solntion  nf  potassium  sulphate  was  used  for  this  purpose.  "  (in  paw- 
tug  the  current  between  tlie  olectrodes  in  the  din-ulion  of  the  one 
witbin  tie  cup,  the  liquid  in  the  cup  risca  with  a  rapidity  which 
increases  with  the  dilution  of  the  soluticni.  and  with  the  intensity  of 
the  current'.  The  water,  in  paAoing  Uirough  the  wall,  appears  to 
sweep  otit  tlie  air  in  an  effective  manner." 

HaviuK  rt-moviyi  the  air  by  means  of  endosmosis,  the  inembriuie  was 
formed  by  filling  the  cii]>  with  a  tentti-nomial  solution  of  potassium 
ferrooyonide,  and  immeryinit  it  in  a  tenth-normal  solution  of  copper 
sttijthatc.   One  olevtrodf  of  |ilatiuuin  was  inserted  Into  the  cup,  and  tlie 
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otbfir  of  $lieet  copper  completely  surrounded  the  cup.  The  curreut 
WW  pasveil  from  llie  iwp[)«r  lo  thi?  platinuin  electrode.  As  soon  as 
tlio  coppt-r  i<Hi«,  niuviiig  wiUi  the  curr«til,  come  in  coDtact  with  the 
Fe(CX)i  ions  moving  against  tlie  ourrent,  a  precipitate  of  copper  ferro- 
Cjraaide  was  foi-uied  within  the  w^U '  of  the  cup.  This  gradually 
became  mont  cuinjiact,  lu  wu  «!iown  by  the  fact  that  the  legiHtauce 
offered  U)  the  jiasMHge  of  the  current  rapidly  iucreaned. 

Th«  iL'lvaiitiigii  of  driring  tliu  ions  into  the  wall  by  means  of  the 
earrent  is  tliat  the  inemlirane  can  htt  foruied  much  more  compactly 
thati  Ity  simply  alluwing  them  to  pass  into  thi;  wall  hy  ililTusion. 
Witli  siK'h  a  cell  it  is  possible  to  demonstrate  osmotic  jiressure  in  a 
miMt  Kitisfai^toiy  maimer.  When  the  cell  is  Riled  witli  a  normal 
HoUitiiin  i>f  cane  nugar,  closed  with  n  cork  through  which  a  capillary 
maiiotiictcr  piissos,  and  iiniiicrsc<l  in  pure  water,  the  li<[uid  will  rise  in 
the  c^illary  at  tho  late  of  mora  than  a  foot  an  boOr,  and  in  one  day 
a  pressure  of  thirty  feet  of  the  sugar  solution  ia  easily  secured.  Thii 
so  far  surpasses  all  other  dcmonstTatious  of  osmotic  pressure  thus 
far  devised,  that  they  become  iusignifieaut  by  oomparison.  The 
demonstration  of  osmotic  pressure  on  the  lecture  table  by  means 
of  this  method  has  become  as  simple  a,  matter  aa  many  of  the  daily 
experiments  in  inorganic  and  organic  chemistry. 

This  method  promises  much  for  the  quantitative  study  of  oamotic 
pressure.  Tho  case  with  which  the  cells  can  be  prepared,  and  the 
gieaX  reaialancB  offered  by  the  membranes  formed  by  the  electrical 
nietliod,  bid  fair  to  open  up  new  possibilities  in  connection  with  the 
direct  measurement  of  osmotic  pres.sure.  As  the  method  was  de- 
vised less  than  a  year  ago.  it  has  not  yet  been  possihl"  u>  uifikc  exten- 
sive q  nan  titative  applicatioua  of  it.  I'reasuTvx  of  SIS  al  mo-iplierfS 
have^  liuwcviT,  Ix^eu  measured.  Work  along  this  line  is  noir  in 
priigrt'ss. 

Measurement  of  Osmotic  Pressure.  —  The  most  at^cnrate  ([uantlto^ 
tivc  mt- thod  of  inea.suriiig  osuiol.ic  pressure  thus  far  appliml  has  been 
devised  and  usfd  by  \V.  I'feffcr.'  lie  made  u.-se  of  the  urtilicial 
membranes  which  Imil  been  discovered  by  Traubc,  and  de]>oisit«d 
them  npon  a  support  which  was  Bufficipiitly  resistant  to  enable  them 
to  withstand  considerable  pressure.  An  account  of  tho  appariltufl 
used  by  i'feffcr  and  the  metliod  which  he  employed  will  be  given  in 
his  own  words : '  "  I  obtained  the  first  favorable  icsnlta  by  proeecd- 

■  In  v(<rylinril-liiime(l  cups  Ihnmembnuieformson  the  inner  surfaee  of  tbecup. 

■  OimitUrhr  VnUnur-hiingrn.     I,*tpilg.  ISTI. 

•  P.l<l.  pp.  t~6,  7-f,  30.    Silf utiflo  Memoire  8«rie*,  IV,  4-6.    Edlwd  hy  Prot 
J.  S.  Amrs.     (Published  by  Aiuvr.  Book  Co.] 
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<  ing  aa  follows:  I  took  [un^UaedT^  porcelain  oells,  such  as  are  tised 
I  for  electriL-  battericH,  and,  after  aiiitably  clo«in|;  th«iii,  I  first  ti]ject«d 

IheDa  carefully  with  water,  aud  then  placed  them  in  a  solution  of 

OQiqter  sulphate,  which,  eitiier  im- 
mediately or  after  a  short  time,  I 

introduced  into  the  interior  of  a  nolii- 
'  tton  of  polassiiiin  ftrrocy.tnide.    TUi> 

two    me  I  nil  ran  I*- formers    now    ptrtiiv 

tratiiilioKmotiailly  tlio|K>rcclain  wsOl 

8<!paratin({  them,  and  form,  wli«rc 

iiiioy  meet,  a  prnipitated  membrane 

of  copper   fcri'ocyanido.      This   a|i- 

pears,  by  virtue  of  tta  reddish  brown 

color,    as  a   rery    fine    line    in    tho 

white  porcelain  which  remains  color- 

I  at   all    other    places,    since  the 

Bmembrane,   ouee   formed,   prevents 

tlie  substances  which  formed  it  from 

passini:;  through. 

I"  lu  Fit;.  1  the  n[i]iaratu8  ready 
for  use,  with  the  manometer  (m)  for 
JueHKiirinK  the  preKSure,  ia  ahowii, 
at  approximutel}'  one-half  the  na^ 
tinti  sixp. 
"The  [Kirerlain  cvIl  j  and  the 
^n  pit^c^j  i>  anil  I,  in»);rt4^d  in  posi- 
tion, arc  shown  in  ni<-dian  longitu- 
dinal section.  The  jiorc'vluin  cclU 
which  I  used  were  on  tli«  avera^, 
approximat«ly  40  mm.  high,  were 
about  16  mm.  inlomal  diameter, 
and  the  walls   wera   from   i\  to 

t2  niRL  tliick.  The  narrow  gla«a 
*ube  t^  called  the  connecling-piece, 
was  fonteoed  into  the  porcelain  cell  with  fused  sealing-wax,  and 
the  olo^ng-piece  t  was  set  into  the  other  end  of  this  tube  in  tlie 
•ama  manner.  The  shape  and  purpose  of  tliis  are  shown  in  tli« 
fignre." 
To  give  tasati  id«a  of  the  great  nvunber  of  details  which  must  be 
followed  out  in  ord«r  to  prepare  a  good  cell  for  meaNuring  osmotic 
pressure  tlie  foUowing  paraf:raph8  are  quoted  from  PfefTer's  mono- 


Pio.  90, 


184 


TUE  ELEMEXTS  OF  PnTSrCAL  CnF.MISTRT 


"All'  porcel^  cells  vere  treated  first  vith  dilute  potasRimn 
bjdroiciiie,  and  then  with  dilute  hydrochloric  acid  (about  3  per 
cent),  atul  after  being  well  waslted  were  s^n  eonipIet«ly  dried 
before  they  were  cloBed,  as  already  described.  Subittaiwejt  which  are 
soluble  in  these  reageuts,  siurh  zs  oxiiles  and  iron,  wbioh  under  certain 
conditions  oan  do  harm,  would  thus  l>e  retiiOTed. 

"  After  the  ai'iiaralii.i  was  chised  the  iirt^'i]ittut<^d  niciubrane  was 
fonnetl  (-ither  in  the  wjill  or  hjkhi  the  »urfa<'«',  acvflnltn^  to  the  priu- 
cijkle  olreaily  in<li«ite<).  In  order  that  tJiis  slioiiUl  be  done  aucoesa- 
(ully,  a  number  of  pn-rauticumry  inrasunrs  arc  in-ccssary,  and  tlicso 
will  now  be  discussed.  Since  1  expt-riiucuted  chiefly  with  mcm- 
briuii.-.t  of  Copper  fvrrocyaniiic,  which  were  dejmsited  upon  the  inner 
rlaceof  ]>orrcUin  cells,  I  will  fix  att4-nt ton  tsjwcially  upon  this  case. 

"The  porci'liiin  ci-iU  were  first  completely  injected  with  water 
under  the  uir-puiup,  and  then  placed  for  at  least  some  houra  io  a 
solution  containing  3  per  cent  of  copjior  sulphate,  and  the  interior 
was  also  filled  with  this  solution.  The  interior  of  the  porcelain  cell 
was  then  rinsed  out  once  quickly  with  water,  well  dried  as  quickly 
as  possible  by  introdn<ing  strips  of  filter  paper,  aud  after  the  outside 
had  dried  off  somewhat,  it  was  allowed  to  stand  some  time  in  the  air 
until  it  just  felt  moiiit.  Then  a  3  per  cent  solution  of  potassium 
ferrocyanide  was  poured  into  the  cell,  and  this  inunediately  reintro- 
duced into  the  solution  of  copjwr  sulphate. 

"After  the  cell  liad  stood  for  from  twenty-four  to  forty-eight 
liours  undisturbed,  it  was  completely  tilled  ntlh  the  solution  of 
potas-tium  feri'ocyanide  and  closed  ait  shown  in  Fig.  i.\  A  oertjtiti 
excex-t  of  pressvitv  of  the  contents  of  the  celt  now  grad'vially  man!* 
fcsted  it«elf,  since  the  solution  of  potasKium  ferrocyanide  had  a 
great,t-r  osmotic  pressure  than  the  solution  of  cop|H>r  sulphate.  After 
another  twenty-four  to  forty-ei|{ht  hours  the  apiiai'atu.i  wa:i  a^in 
Opened,  and  generally  a  solution  introduced  which  containcti  3  per 
ocut  uf  pota.t»iuin  fci'rocyauide  ami  U,  per  cent  of  potassium  nitrate, 
and  which  showed  an  excess  of  osmotic  pix-ssure  of  Bomewliat  more 
than  three  atmospheres." 

If  all  of  these  details  arc  carefully  obeorrcd  and  suitable 
■trained  porcelain  cells  are  chosen,  the  preparation  of  good  soml 
tneable  nieinbranes  offers  no  serious  difiiculty.    I'fefter  states  that 
prepared  twenty  such  cells  almost  without  a  failure. 

The  measurements  of  osmotic  prea.iure  were  made  by  means  of 
these  porcelain  cells  lined  with  the  precipitate  which  formed  the 
sumi-pci'ineable  membriuie.    After  the  manometer  was  attached  to 
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the  cell,  the  latter  was  filled  witli  tbo  solutioD  vitoK  osmotic 
pressure  was  to  be  meastirpd. 
The   cell  waa   then   tightly 
'  dosed  and  fastened  to  a  gLa« 
rod  as  »eea  in  6giiro. 

Thi?  whole  cell,  including 
t!i«  manometer,  was  iattt^ 
iintxA  into  a  bath  as  shown 
in  tlw!  fipiri\.  The  bath  was 
tilled  with  ptir«  water,  and 
the  osmotic  pnfsstire  of  th« 
sohitioti  ajniin.st  piiru  wat«r 
measured  on  the  nieriMiry 
luanomcter.  Sjn'Cial  precau- 
tions were  taken  to  k<-ep  the 
temperatiiTe  of  the  w}iolo 
^paratns  constant,  since,  ax 
we  aliall  see,  there  is  s,  large 
t^^niperatuie  coeiBcient  of 
OHtuotte  i)reflsiii'e.  The  tem- 
perature of  the  experiment 
was  ae^nralely  determined 
liy  mean!*  of  earefiilly  stand- 
anli'/.i'd  I.hi-rtiicmi^lers. 

Some  of  Pf  ef  fer'a  Renilti. 
—  I'ft'ffcr  nii'iwnrcd  th^^  oiu 
iiiotic  pn-sKiirc  of  sohilic>iis 
of  a  number  of  snbstam-cs 
at  different  concentrations. 
With  cane  sugar  he  obtained  the  foUowing  results  for  dilutions 
ranging  from  one  to  six  ]ier  cent,  keeping  the  totDperaturo  as  nearly 
constant  «s  possible.  The  temperature  for  the  series  ranged  from 
13'.5  to  14*,7. 
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From  thf!8R  restilU  it  wotild  appear  that  osmotic  presAtirc  is  propor- 

tioii&l  to  the  concentration  of  the  solution,  since  ^  =  aconstaDt,or 

wry  n(iA.r1y  a  constant.  The  deviation  from  a  coiisttint  is  so  slight 
that  it  is  tiviilnntly  due  to  expt>rim«ntal  etrur.  Tlie  fullowing  results 
were  obtKiiiM  with  potassium  niti-ate:  — 


C "  Cl>II«K*T«*TI01l  in  Pn 
GUrr  n  Wkiiiht' 

■ 

p 

P 

c 

0^  per  cent 
1J3  percent 
3^   per  ceut 

130.4  cin. 
iliJt  cm. 

tiO.8  cm. 

163.0 
]6a.8 
13^.4 

The  ratio  of  pressure  to  concentration  (Iccreases  as  the  concentration 
increases  in  this  case.  These  results  are.  liowever,  not  verj'  accurate, 
since  the  membrane  used  by  rfeffer  waa  not  entirely  impervious  to 
potassiuiu  nitrate. 

PfefTer  also  studied  the  effect  of  t«m|)eratnrfl  on  osmotic  pressure. 
He  tooli  a  givt-a  solutiuu  and  int^anured  it.t  osmotic  pit^sviire  at 
difff  rent  temperatures,  and  in  thi.i  way  worked  out  tiie  tetoperature 
coefficient  of  osmotic  pressure.  Ttit-  following  rcsultit  wero  obtainiKl 
with  a  one  per  cent  sohilloii  of  cajie  sugar :  — 


TimfrKtTiTiR 

sy.o 


6DJVem. 
60.1  cm. 
63.1  cm. 

GO.T  cm. 


It  is  obvious  from  these  results  that  the  osmotic  pn-ssnro  of  such  a 
solution  inoreases  with  rise  in  temjipnitunv 

Similar  results  were  obtained  with  sodium  tartrate:  — 
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OtHonii  Famuttm 
HT.d  cm. 
ir*,4  cm. 


Effect  of  the  Nature  of  the  Uembrane  on  Otmotic  Prestarv.  — The 
effect  of  the  nature  of  the  Hemi-perraenhle  membran«  on  tlui  mi^oi- 
tude  of  the  osmotic  pressure  v/ns  jilso  invw(tignt«d  by  Pfeffer.'  In 
addition  to  copjier  ferrocyaniilf,  lie  nsnd  ini-inbrancs  of  Berlin  blue 
and  caJcinm  phosphate.     It  will  \x  observed  that  all  of  these  sub- 
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■lancea  are  g«]atinons  precipitatoa  like  copper  ferrocyaiiiilo.  I'fvfTer 
fotiiiil  ail  osmotic  presume  of  only  38.7  cm.  fur  a  one  i>«r  etui  tola- 
tioii  of  can*!  Nugar  when  Bfrliii  blue  wan  iiM)(l  as  iho  tuvmbnino, 
tinil  only  3().l  cm.  w1ii-ii  calcium  plitiHpliiiUt  wak  i*iiipl«y«d.  From 
thfsi!  rt-.tnlt.s  it,  would  sucin  at  first  sight  tliRt  tlir  ualnro  of  the 
mrmbmiii'  had  iiti  itiHiniii'c  im  the  ma^iluili.'  of  th«  osmotic  prc«siir«. 
The  rc;il  rx[iliLTiiitii'n  uf  these  diffcroiu-cs  is,  however,  quite  ()iffci«Dt. 
Tlie  ini-inliniiiVM  of  llcrliii  blue  luid  raJeiiitii  plioBpliat«  were  not 
sufficiently  resistant  to  withstand  the  pressure,  consequently  thejr 
.HFOuld  k-Jik,  and  the  true  VEiIut>  of  the  maximum  prassure  was  never 
ihown  by  the  manometer.  This  coQclusion  kob  made  very  prohable 
by  the  beliavior  of  these  membranes  during  the  experimenta.  Of 
all  the  membranes  tried  by  I'feSer,  only  copper  ferrocyanide  vbA 
capable  of  withslAndiug  the  pressure,  and  only  those  resnlts  wliich 
were  obtained  with  this  membrane  can  be  regarded  as  the  true 
expressions  of  the  osmotic  pressures  of  the  solutions  employed. 

Further.  Oatwald'  has  deviaed  an  ingenious  method  for  proving 
theoretically  that  the  osmotic  pressure  of  a  solution  is  iud<!|>cni1ent 
of  the  nature  of  the  membraiiQ  used  in  measuring  it.  Given  the 
cylinder.  Fig.  22. 

Intrcidiicc  two  scnii-ptrrnieablc  mcnibranM,  .V,  and  .V„  as  shown  in 
the  drawing,  The  spuor  1>i.'twccn  the  uicmbriuit-s  contniiiH  the  solu- 
ti<m,  the  two  spitccs,  A  and  li,  the  pure  solvent.  Ijct  hi  lirKt  stipjKise 
that  the  osmotic  pressuro  at  ^t  in  greutt'r  thati  at  Mf  ImI  ux  call  the' 
fimt  pressure  ji„  and  the  second  pressiiri?  p,.  The  solvent  will  pass 
in  through  lioth  membranes 
until  the  pressure  j**  is 
reaohwl.  Then  thi*  solvent 
will  cease  l«  flow  in  through  * 

if„  bnt  will  conlinne  to  enter 

through  Ml-    A*  »0"n  as  the    

pressuro  in  the  solution  be- 
tween the  membranes  exceeds  ;i»  the  solvent  will  Bow  out  through 
the  membrane  jtft,  an*}  will  continue  to  flow  in  through  ,V|.  Sine*- 
the  pK-jisure  could,  then,  nev<T  rise  to  p„  the  solvent  will  continue  tO' 
flow  in  through  M,  forever,  and  to  flow  out  through  jVp  We  would 
thus  hate  perpetual  motion,  which  i.'*  im|Kiasiible.  SupjKise  we  asaume,. 
oQ  tlie  other  band,  that  f,  is  greatt^r  than  ;>,,  by  an  exactly  similar  lioe- 
of  reasoning  it  is  shown  fhat  we  would  then  have  a  continual  flow  of 
the  solvent  tlirough  the  cylinder  from  rfght  to  left  —  the  reverse  of 


M, 


M, 
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tlie  fiwt,  liirection.  Af^n,  we  would  have  perpetual  motion,  which 
is  iini>»^»i!>lc.  Tlicrvrure,  since  |>,  ciunot  bu  gi'ealt>r  nor  lesH  tliati  ;i^ 
it  uiiist.  1)1!  <'qii3l  U)  it.  In  «  word,  the  o»iuoiio  iu'eMitiv  of  a  flohilioii 
is  indcpi^DiU-iit  vf  the  nxtiirtt  of  the  ni<;tiiliriiii«  used  in  luea^miiit;  il. 
,  It  JH,  of  poiiriic,  asstinied  id  tliis  discuaiiiuii  that  the  diii;«alv«<] 
tsubstuicp  is  sui-h  as  would  not  act  ch^mii-ally  upon  Uie  itifuibranif. 
If  llipi-P  w.-is  any  c-hciiiiual  arlitm,  tlic  niviiiliiane  would  be  di'itUojciI 
at  oncG  and  the  exjieriinent  ruined. 

The  quantitative  measurements  of  the  »bsohtt«  osiuotie  prv^sitru 
of  solutions  inade  by  I'feffer  arc  the  bt-ist  up  to  thp  presf-nt..  Iiuhi-d, 
very  little  has  l>seii  done  along  Ihis  linu  sitit-c  I'tVflVtr  uuU'd  ids 
work.  We  should,  however,  mention  in  tins  connoctioii  the  wuik 
of  A.lie.' 

Ueasarement  of  the  SeUtive  Osmotic  Pressures  of  Solutions. — 
While  Init  litllt*  work  hiis  U'eu  done  iteeully  on  tlie  absulute  osmotic 
prf-ssuivs  of  ftolutious.  [iroliably  on  aecotnit  of  the  dilticuliies  involved 
ill  such  work,  much  has  been  dune  on  the  relative  osmotic  pres-inres 
eietted  hy  different  subi(taiicii!(.  A  number  of  new  mtitbodd  have 
been  devised  for  mcuLsuriiig  ruUlivti  onuii>tie  presHiueii.  and  some  nf 
thetie,  lojtetlier  with  tin;  ni^iilLs  (>l>tained,  w«  shiO)  now  consider. 

HelluHl  miplo^in'j  Vriifttthlr  CW/a  —  The  iiivthoil  is  base*!  iijKtn 
the  preparation  of  solutioiiH  of  different  sntetances.  eneh  of  wbiirh 
will  have  the  same  osmotic  pressure  aa  the  contents  of  cells  of  u-rtfiin 
plants;  and,  therefore,  the  same  osniotiu  pre^^surv  as  one  another. 
The  difficulty  i.i  to  determine  just  when  the  sohilion  around  the  e^ll 
has  the  same  ostnotie  pressure  iw  llw  lonTciils  of  the  cell  itself. 
This  hiis  lieen  accomptishrd  by  tlic  I)utfh  bolanist  De  Vries,'  to 
whom  the  method  with  which  wa  sliall  now  deal  is  due.  He  found 
three  pl:inr!i  which  fidfd  ihi;  conditions  iieeessiiry  losuccr.'W,  —  TVh/cj- 
ciinlia  <lUr.tiliir,  Curi-iinm  fiihrknnUn,  and  li'-'juniii  miinioiliu  Tlie  cells 
of  tbiwte  [iljuitsHrc  fuur  to  six  sided.  The  eell-widU  urc  strong  and 
resiist-int,  and  do  not  chiingo  their  aixa  or  (diaiw  when  the  cell  is  im- 
luerxed  in  solutions  of  other  snhstanoes.  Th.-.ser  walls  are  easily 
pernn-ohlc  In  water  and  a<iueoufi  itohitions.  The  cell-wnlls  are  linei! 
Oil  ihv  inside  with  a  very  thin,  colorless  mcmbranp.  which  is  filled 
with  the  Colored  contents  of  fhi?  celt,  Tliis  inembrano  is  8emi-perme> 
able,  allowing  water  to  pa*s,  but  holding  back  tbe  dissolved  Milv 
Stance.  The  contents  of  tbe  cell  is  an  aqueous  solution  of  glucose, 
potassium  and  calcium  cnalate,  noloring  matter,  etc.,  having  an 
osmotic  pressure  of  from  four  to  six  atmoapheres.    The  seini-perme. 

I  >  Ckm.  .Vfren.  61.  138  <lfll>I>.     Pne.  Cftem.  Sue.  3M  (l»l). 
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mcmbraiK!  lininK  the  oell-wall  (list^n<l«  wh«n  Uic  contents  of 
the  mII  iiicren««s  in  volume,  and  wmtrauts  wlivn  tho  volume  of  tho 
COD  ten  t«  diminishes. 

Tb«  method  of  dvtt'rmining  the  rclntivc  osmotic  pressure  of  the 
cont«ntM  of  Ihe  ch-11  and  of  thr  solution  in  which  it  is  plEwcd  will  he 
readily  undorvtuijil  from  the  foregoing  di-scription  of  lhi>cpll.  Thin 
tangential  wetiouE  are  taken  from  the*  middle  rilion  th«  under  side  of 
the  leaf  of  7Wuf««can(ta'(;oDtiiiningn  few  hundred  living  cells.  This 
seetiou  is  (iliu-ed  under  the  niieroscope,  and  the  cells  surrounded  hy 
the  solution  whose  osmotic  pressure  it  in  desired  to  compare  with 
that  of  tliQ  contents  of  the  cells.  In  auch  a  jireparation,  all  of  the 
cells  liave  the  same  osmotic  pressnre,  since  any  differences  would 
have  ecjiiitlized  themselves  in  the  plant.  It  is  Uien  otdy  n4!eessary  to 
compare  the  osmotic  pressure  of  the  solatioQ  with  that  of  any  one  of 
the  cells  present. 

A  B    „  C 


\\'hen  tite  cell  is  immersed  in  a  solution  having  tlic  sam«  < 
pm>Beiire  as  the  contents  of  the  c<OI,  the  oell  has  the  normal  ni>i>eai^ 
anee  a*  showi  in  A  in  the  fignre.  When  the  eel!  is  immersed 
in  a  solution  having  a.  smaller  osmotic  pressure  than  its  own  con- 
tents, it  will  also  have  the  appearance  of  A,  in  tho  figure.  Water 
will  ]<aKs  from  the  solution  through  the  8pmi-i)ermeable  roemhraHQ 
into  the  cell,  and  lend  to  distend  it.  But  the  rwistant  eell-wall  will 
prevent  any  apiire<:iable  distention,  and,  consiyiuHitly,  the  cell  will 
apiiear  atn>ut  as  a  normal  coll.  H,  on  tlie  other  hand,  the  cell  ia 
immersed  in  a  solution  having  greater  osmotic  pressure  than  its  owa 
oontenlft,  wster  will  pass  from  the  cell  ihrongh  the  memhraue  out 
into  tho  solution.     Tlie  Oidl  eontents,  having  lost  water,  will  contract 

>  Cdls  an  Ukcn  from  otber  placM  In  dldmiil  pluiU. 


aa  shoffii  in  B  and  C  in  the  6gure;  theBemi-perniealileiuembrano  wiH 
also  contract  and  follow  the  cell  contents,  and  this  contraction  can 
readily  Iw  aeen  since  the  cell  contents  are  colored.  Uy  starting  with 
n  sohition  whose  osmotio  pressure  is  greater  than  that  of  the  c«ll, 
ftliuwn  hy  the  eontiaetitig  of  the  cell  contents  when  the  cell  is  sur- 
rouniletl  by  the  .lolutioii,  and  continually  diluting  it,  noting  its  action 
on  the  cell  at  i-vi-i ■■  ■' .r.-r  uf  dilution,  a  solulton  i&  linally  reached  in 
which  tlie  cell  wtil  j  i-i  inisi-rvc  its  normal  foini.  The  solution  then 
has  tlio  same  osmutic  [iresniirn  as  the  cont^nLs  of  the  cell.  The  solu- 
tion can  then  be  auulyxvd  and  its  strcngLli  delrrmineil.  In  an  exactly 
similar  manner  solutions  of  other  Kubstanucs  can  be  pr(>]<ared,  each 
having  the  same  osmotic  pressure  as  the  contents  of  the  cell,  and 
these  solutions  anaJyicd  and  their  strengths  deteriaiucd.  Since  csch 
of  those  solutions  has  the  same  o8moti<^  pressure  as  the  contents  of 
the  cell,  they  have  the  same  osuiotio  pressure.  This  method  can,  of 
course,  be  applied  only  to  those  substances  which  do  not  act  chemi- 
cally on  the  delicate  membranes  which  surrotmd  such  plant  cells. 
This  method  has  lieen  called  by  De  Vries  llie  piaitmolijtie.  He'  de- 
termined the  concentrations  of  quite  a  large  numl>er  of  subsUuices 
which  were  isosmotic  with  the  oell  contents.  These  isu-tuiDtic  or 
isotonic  concentrations  were  exprewied  in  jjram-moleeular  (|iiantitie!<, 
and  thi'ir  recijirocal  values  were  t«rined  llie  isotonic  efifffirirnln  of  the 
Bubvlances.  These  isotonio  coefRcients  show  at  once  tlie  r4!)atiT« 
osmotic  preitsiires  of  solutions  of  etjiial  molecular  conrt-ntration. 
The  isotonic  coefficient  of  potassium  nitrate  i.t  taken  us  3.  A  few 
of  Dc  Vries'  results  arc  given  for  future  refen-ncc. 
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An  exaitiination  of  these  results  shows  certain  raUtious  nhich  we 
shall  learn  are  very  iiu|iorUttit.  The  neutral  organie  substances  luid 
the  weak  or^'anic  acids  have  isotoiiio  caeflioietits  which  are  about  ooo- 
•tuit,  and  which  have  tlie  value  uf  a|ii>roximately  2.  The  salts 
have  niiK'h  higher  euefficients  —  ranging  from  3  to  5.  The  Encaning 
of  lli(*:«i'  facts  will  appeiir  in  due  time. 

}ti:lhtid  frnjAotjintj  Animal  C'tUii.  —  Wn  liave  sna  ttboro  how  rcge- 
table  veils  can  \m-  used  to  mrasure  rclativo  osmotic  prcssun-s.  We 
can  uM  oertwii  cdU  of  animals  for  the  mine  purpose,  llambui^r' 
has  iis'il  the  r<?d  blood  oorpusides  of  the  deer  and  frog.  If  to  defibri- 
nat«M:l  deer*s  blood  a  solution  of  potassium  iiitrat«,  1.04  per  cent,  is 
addpd,  the  red  blood  corpuscles  will  settle  completely  to  the  bottom 
and  will  be  covered  by  a  clear,  alntost  colorless  liquiiL  if  the  solu- 
tion of  potassium  nitrate  has  a  concentration  of  0.90  per  cent,  or  less, 
the  separation  into  the  two  layers  is  not  complete.  The  corpuscles 
do  not  settle  to  the  bottom  completely,  and,  consequently,  the  super- 
natant  liquid  is  somewhat  colored  —  the  more  deeply  ooh)red  the 
more  dilute  the  solution  of  potassium  nitrate  a<lded.  Ity  pnxweding 
carefully,  a  solution  of  [Mitassium  nitrate  can  be  found  in  which  the 
red  corpiLtclt'S  will  junI  Nettle  to  the  bottom.  .Similarly,  solutions  of 
other  substanoes  c^n  Ik*  pn^pared  of  such  a  concentration  Uiat  the 
red  bhxxl  corpuscles  will  ju.-st  settle  and  leave  a  clear  liquid  abore 
them.  Such  solutions  have  tli«'>  same  osmotic  pressure;  and  from 
thes«  data  it  is  ttviiUmt  that  the  isotonic  ciH^fticients  of  substances  can 
bo  calculated,  as  from  the  results  obtained  by  I'e  Vries  using  vege- 
tabic  cells.  Without  giving  the  results  of  Hamburger  in  detail,  U 
may  bo  stated  timt  the  isotonic  coefficients  whirh  lie  found,  agree 
with  those  oblaitM-il  by  Do  Vries  to  w  ilbin  Ihi;  limits  of  error  of  the 
two  methods.  Ucfcrcnco  only  can  be  made  to  the  work  of  others,' 
in  which  red  blood  cori>u8cles  were  used. 

Method  in  tchieli  Bacteria  are  used.  —  Wo  hare  seen  how  both 
regecable  and  animal  cells  can  be  used  to  determine  relative  osmotic 
presanre.  We  shall  now  see  that  cells  which  are  neither  the  one 
nor  the  other,  or  perhaps  both,  can  also  be  used  in  this  connection. 
Wladiraimfr*  has  used  certuiu  forms  of  bacteria,  such  as  Bofieriitm 
Ztipjfi,  ItacHlas  tuhtilix,  liaciHun  T)ijAi  abftominalis,  SpirBlum 
ndtrvm,  etc.  The  movements  of  the  bacteria  were  foand  to  be  very 
different  in  solutions  of  the  same  substance  of  different  conoentra- 


>  'Zttehr.  pftys.  Chem.  •,  810  (1800). 

*  W.  Lo«b:  na.  li,  iU  (18M).    H.  Koppe:  Ibid.  19.  Ml  (1606). 
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lions.  If  we  start  with  a  very  dilute  solution  and  continu&ll] 
locn-iLsit  its  strmij^.li,  tin-  im!vcim-nts  vT  thi>  bitctcriu  Iwromw  slowQ^ 
mid  .slowiT  8iiluti()iiH  «f  dififrrcnl  substuucrti  w«c  prcpaivd  of  snc 
ttn-n^liM  that  th«y  liiid  tlie  Kiunv  infliicacc  on  a  given  kind  of  bao- 
ti?ri!i,  and  then  ilicir  rirUtivn  riinci.'iitrattons  doU-nnined.  The  coo- 
cliisiuna  reached  by  WlmlimimtT  were,  that  although  ctTtain  Deutral 
salts  seem  to  have  a  |)ois<jiioiis  netion  od  goido  baeteria,  and  eertain 
salts  could  ent4.>r  the  pratoida!>in  of  other  bacteria,  yet  most  of  the 
relations  investigated  lietween  salts  and  bacteria  agreed  with  the 
laws  of  osinosia  as  established  by  entirely  diflerent  methods,  J 

Melhofl  of  TauimaiiH. — It  still  remains  to  descnl)e  a  method  whicl^ 
differa  fundamentally  from  the  three  jnst  considered-  In  these  three 
methods  the  semi-permeable  memhrane  was  of  livins  substance.  The 
Mm i -permeable  membrane  in  the  optical  method  is  an  iiiorgaiiic  pre-^ 
cipitate  and,  indeed,  tlie  same  precipitate  as  waa  used  by  I'feffer  ii 
pr«[tannK  his  porcelain  cells.  If  a  drop  of  a  .tolutiim  of  potassiuE 
fnrro«yanide  i.t  allowed  to  fall  into  a  solution  of  eoppcr  sulphate, : 
droji  bf'iiomcs  cnmpletely  RiiiTOiindt-d  with  a  precipitate  of  copf 
forrof-yunido,  and  llii.i  precipitate,  tix  we  have  seen,  f<uins  the  ver 
beat  M'ln I- permeable  membrane.  We  would  Iiavc,  then,  a  drnp  of  a 
solution  of  potassium  fi'rrwyunidi'  snrroiinded  by  a  semi-] amicable 
membrane,  and  this  in  coiilacL  with  a  ncihition  of  f0|i]>t'r  snlpliate. 
If  the  solution  of  potassium  ferrocyanide  is  more  dtlnte  than  that  ol 
copper  mil|ihate,  watiT  will  piws  out  iTito  the  copprr  sulphate,  dilute 
it  just  around  tin?  drop,  ami.  consri|ucntly,  producH  n  furn-nt  of  the^ 
more  dilut«  solution  upward  from  the  drop.  If,  on  the  contrary,  1 
contents  of  the  droji  Bre  more  eoiiecntrat^d  than  the  solution 
copper  sulpbnti',  water  will  pass  from  the  popper  suljdiale  throng 
the  membrane  into  the  solution  of  potassiiun  ferrocyanide.  The 
solution  of  eopper  sulphate  jtist  around  the  drop  will  thus  become 
more  concentrated,  and  because  of  itfl  greater  8]>eeifio  pravity,  will 
sink  to  the  bottom.  It  is,  then,  only  necessary  to  observe  whether 
the  current  rises  or  falls  from  the  drop,  to  determine  the  relatlTe 
conoentrationsof  the  tivo  solutions.  In  these  ohservatinus  a  refrar- 
tometeris  used,  slii^ht  ciirrenti*  I)eingdptect/'d  by  thedilTfreni  i«fra<>- 
tivilies.  It  i.s,  of  course,  )M)s.-«ilik-  to  |)rep.ire  the  twn  solutions  t>f  .swh  ■ 
eon ceut rations  that  water  will  p:iss  neither  the  one  way  nor  tivM 
other  The  two  solutions  would  tlien  have  the  some  osmotic  pre.wuro. 
It  is  thus  quite  possible  to  prqinr*  solutions  of  ferrocyaiiide,s  whiiU 
are  Uosmotic  with  copper  and  zinc  salts.    The  work  of  TammaimJ 
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who  dcTisvd  ^i«  method,  uus  Hniitod  to  these  suhstaRccii.  It 
has,  however,  htn\  cxUtiidoil  more  recuiitly  to  a  thinl  MiibHtoDce 
added  to  till!  otiior  two,  provided  tbo  third  siibHtiinwi  does  not  act 
chcmieatly  upon  either  of  the  others.  This  nictliod  is  obviously  sub- 
jeeC  to  narrower  limitations  tlmn  ntiy  of  those  previously  considered; 
the  methods  involviug  the  use  of  living  membniues  being  applicable 
to  all  substances  which  do  not  aet  upon  the  cells  and  destroy  tliem. 

A  careful  study  of  tho  best  methods  available  for  measuring 
osiuotic  pressure  will  undoubtedly  leave  the  impression  that  this  is 
a  quantity  with  which  it  Is  difficult  to  deal  experimentally.  While 
it  is  possible  to  prepare  good  cells  according  to  tlie  metho<l  worked 
out  hy  Pfeffer,  yet  much  time  and  experience  are  necessary  Ui  secure 
fair  results.  Aud  further,  Che  best  that  has  been  ui^otiiplinlKHl  up 
to  the  present  is  to  measure  the  usmutic  iiressuro  of  cumpiinttively 
dilute  solutions.  ITelTer's  work  wo.'t  limili^d  to  a  »ix  \>eT  cent  solu- 
tion of  (■line  sugar,  —  less  thmi  on^^fifth  uormal,  —  and  no  ono  has 
since  U'cn  uhlu  to  work  at  grcat^-r  con<-entnitioDS.  To  det«rmiu«  the 
Absolute  osmotic  pressure  of  more  concentrated  solutions,  it  is  eri- 
dent  that  some  indirect  method  must  be  applied,  since  thus  far  It 
hu  been  scanxly  possible  to  pre^iare  membranes  whiclt  shall  be  able 
to  witlistnnd,  without  rupture,  a  pressure  of  many  atmospheres.  It 
should  be  Htiit«d  again  that  the  method  of  Morse,  already  described, 
promises  much  in  this  direction. 

Itelatious  have,  however,  been  established  between  the  osmotic 
pressure  of  solutions  and  certain  other  properties  which  can  be  readily 
dealt  with  experimentally.  As  we  shall  see,  by  measuring  certain 
other  quautities  we  can  easily  calculate  the  osmotic  pressure  of  solu- 
tions which  are  far  too  eoueentrated,  and  whose  osmotic  pressures 
are  far  too  great  to  measure  directly.  These  matters  will  be  further 
discussed  in  the  proper  places. 

RELATIONS  UliTWEEN  OSMOTIC  PUESSUUK  AXD  GAS- 
■  l>KKSSt;UK 

PfHffpr  carried  out  the  meaMurenient.<(  alreiidy  referred  to,  and 
doubt.li-sa  .'iaw  thi^ir  physiologicid  stijiiiificani-e,  but  he  did  not  pfiint 
out  any  n-lBlions  Vx^tween  osniotio  pressure  juid  Kas-pressuro.  This, 
like  no  many  other  brilliant  discoveries,  wa.-*  reserved  for  V;ui't  HijIT. 
In  his  epoch-making  paper,'  which  has  contributi^d  more  toward  the 
developuient  of  the  nijw  physical  chemistry  than  any  other  one 


>  ZUeAr.  pAp*:  Chtm.  1,  481  (168T).    !<«iemlSc  Hwuoin  Scri«a,  IV,  p.  13. 
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article,  he  points  out  a  uiunber  of  Burpriamgly  Biu)|ile  relations,  and 
BDUic  of  llipse  will  now  Ije  taken  u]i. 

Boyle'a  Law  for  Oamotic  Preaeare.  ^  Th«  law  of  Boyle  for  gases 
states  that  the  giressure  of  a  gas  varies  directly  as  the  ounce ntratioa 
of  the  gas.  We  have  seen  from  Pfeffer'A  resulUt,  that  the  osiiiulio 
pressure  of  a  solution  varies  ilireolly  with  tliv  von  centra  tioci.    This 

is  showrn  by  tliu  fact  that  —  is  a  constant,  to  within  th«  limits  of 

flxperim<!ntal  error.  This  relation  for  the  oamotic  pressure  of  solu- 
,  tions  i-ci-tainiy  suggests  the  relation  for  gases  expressed  by  Uie  law 
1  of  Koyle. 

Vau't  Hoff  also  {wints  out  that  the  work  of  De  Vriea  leads  to  the 
same  conclusion.  De  Vries  look  solutioua  of  potassium  uitrate, 
potassium  sulphate,  and  oaiie  sugar,  and  determined  the  concentre 
tions  which  were  isosinotic  or  isotonic  with  the  conleuts  of  a  given 
oell.  He  then  used  cells  of  other  plants  and  determined  the  isos- 
motlc  concentrations  of  these  substances.  Four  such  isotonic  series 
wcrn  worked  out.  The  result*  are  given  Ix'luw,  the  coiicentratii>n3 
being  expreesed  in  gram-molecutcs  per  litre,  the  unit  being  jmtas- 
sium  nitrate. 
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Tho  relation  between  the  concentrations  which  have  tiie  same 
osmotic  pressure  is  constant,  independent  of  tlic  actual  value  of  the 
concentrations.  This  is  but  another  expression  of  the  law  of  Boyle 
as  appliwi  to  the  osmotic  pressure  of  soUitiuns. 

Oay-LuiRac'a  Law  for  Oimotio  Pretaure.  —  According  to  the  law 
of  Gay-Lussac  the  pressure  of  a  gas  increases  with  the  temperatnrs^ 
at  the  rate  of  ^Ij  for  every  vise  of  one  degree  centigiade.  Ifeffer^s 
results  show  that  the  oamotic  pressure  of  a  solution  increases  with 
rise  in  temperature,  and  the  rate  of  increase  is  very  nearly  ^fj  for 
every  degree.  Pfeffer  did  not  rnake  an  exU'nsiv*  stndy  of  thft  tem- 
perature coefficient  of  osmotic  pre.i.iure,  but  »A  fsr  as  his  results  go 
I  tliey  lead  to  the  conclusion  stated  above.  If  wo  examine  the  effect 
of  temperature  on  osmotic  pressure,  as  shown  on  page  186,  we  sliaU 
see  that  this  conclusion  is,  in  general,  eonfirmetl. 


SOLUTION'S 
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If  the  law  of  Gay-Liissac  applies  to  the  osmotio  prcssuro  of 
ttolutious,  then  solutions  whicli  arc  iisosinotic  at  one  tt^'Tnitemtura 
niutit  remaiu  isoBmolie  at  other  t«m[jerature8,  oince  they  would  ImTO 
th«  aaiue  teiu|>erature  cocftici«nt  of  osmotic  pressurv.  This  has  he«a 
teitted  by  the  methods  for  iloterminiog  K'lativo  osmotic  pressure. 
Hamhur^r,  using  the  method  already  refened  to  as  involving  red 
hlood  curpiiAcltM,  found  that  solutions  of  potassium  nitrate,  sodium 
chUitidf ,  and  cano  sugar,  which  were  isosmotic  at  0%  were  also  isoB- 
motit!  at  31'. 

There  is,  however,  a  still  more  striking  ex |ien  mental  verification 
^Spplieabilily  of  tht!  law  of  Ciay-Lnsnac  to  solutions.  If  a  tnhe 
with  a  gas  and  all  parts  of  the  tube  kept  at  the  same  tirinper* 
atiirc,  the  eonc^ntratiou  of  tlie  gas  will  be  tliK  same  in  every  port 
of  the  tube.  If,  on  Ibe  ulhiT  hand,  one  portion  of  the  tutie  is  kept 
warmer  than  thi?  othL-rs,  the  gas  will  no  diHtrihutu  it.tetf  thixnigb- 
ont  the  tube  that  the  pi'Lrsnuru  will  I'eiiiiiin  Ihi'  muw  in  nil- 
parts  of  the  tnbe.  Sinisu  this  pi'esiiiirR  of  a  giw  iiicri--a.w»  with  the 
temperature,  «ich  jiartiglc  will  exert  a  Knyiter  pressure  in  the  warmer 
region,  and.  consequently,  there  will  \h-  fewer  ptirtieles  required  in 
the  warmer  jKirtion  of  the  l«l)e  t«  crxert  thn  viiiue  presnure  as  exists 
IB  the  (wider  portion.  In  a  word,  the  ga«  wuuld  U'lid  to  become 
mora  ooiiecntrat«d  in  the  colder  portion,  and  more  dilute  in  the 
warmer  portiou  of  the  tube.* 

If  the  o^niotie  jtrvKsiire  cif  solutions  obeys  the  laws  of  gas-press- 
Uie,  a  phenomenon  similar  to  the  above  should  he  observed  with 
solutions,  and  such  is  the  fact.  I  f  the  two  parts  of  a  perfectly  homo 
goneons  solution  are  kept  at  different  temjieratures  for  any  eonside^ 
able  length  of  time,  the  solution  beeomes  more  concentrated  in  the 
region  which  is  colder.  This  has  come  to  bo  known  from  its  discor* 
orer  as  the  prineijJe  of  Sorrt.*  This  principle  is  of  the  very  greatest 
importance  in  testing  the  law  of  Gay-Lussac  for  osmotic  pressure. 
If  this  law  holds,  then  the  colder  portion  of  the  solution  should 
become  more  concentrated  by  jl^  for  every  difference  of  one  degree 
in  temperature.  This  could  be  easily  tested  by  experiment.  The 
experiments  were  canied  out  by  Soret  by  placing  the  sohitiona  in 
vertical  tubes,  in  such  a  manner  that  the  upper  portions  of  tlie  tubes 
were  warmed  toa  constant  temperature,  and  the  lower  portions  cooled 
to  B  constant  temperature.     The  earlier  experiments  of  Soret  gave  a 

'  II  fiti[iiiM,  o(  coiinic,  tut  rrmnmhen^  thai  l.hi»  condition  ilrvrlbpd  for  a  |:ts 
Is  Miiuewliai  lil^Al.  Tlid  gu  pftrticlts.  due  lu  ihcir  r«|iiil  nioT«ni*-iit.  iroulil  tuix, 
but  the  [iriucipb  which  It  ladniircd  to  UloalraW  holds );u(kI. 

'  Aaa.  Chim.  n>v».  [{>].  as,  XOa  (1801). 
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differenco  in  conociilrativn  which  wa«  not  m\Hv  as  greats  aa  that 
calculated  fri)U)  the  )hw  of  Gay-LuHsac.  His  lalor  t-xpi-rimcDts,  in 
which  the  solutions  wvi.'.  iillowiil  to  stand  at  c-oustaiit  t^-ui[*oraturo8 
tor  a  loD^r  tiino,  gave  differences  which,  while  a  little  too  low,  yet 
accorded  very  nuaily  with  the  theoty.  A  slight  difference  between 
calculated  and  ox[ieriniental  values  creates  no  surprise  when  tie  eoa- 
sidei-  that  the  sohitiuns  must  staud  for  months  at  tlie  constant  (eui- 
peratui'oa  iu  order  that  equilibrium  may  be  reached,  and  Home  mixing 
of  tlie  parL^  due  to  »r>itatiou  or  jarring  i.t,  tlicreforf,  uiiai-oidalilo. 
Th<>  ah'rociiieut  is,  however,  so  close  that  it  m  now  ipiite  iTiTtAiii  tlist 
th«  ]>riuci[ilQ  of  Horttt  furnishes  the  h«Kt  proof  of  t.lui  oppliuxbility  of 
the  liiw  of  Oay-I.u»».iu  to  iha  osuiotie  prassure  of  solutions. 

Avogadro'i  Lav  applied  to  the  Osmotic  Presntre  of  SolstiOBa. — 
Thi,^  ii{iplit;ability  <il'  tlit-  la.\vs  >>[  llnyli-  ami  l.i:ty-l.iihsiii.'  to  the  osmotio 
prf-ssuru  of  »olntioni<,  sliuwit  that  this  quantity  is  analogous  to  gas- 
pressHrc.  It,  howovt-r,  leavi.-»  the  quc-stion  as  to  th«  relative  magni- 
tudc«  of  thu  twi>  pressures  cntiri-ty  unanswered.  Thv  one  might  be 
Tery  lar^  uid  t)ic  othvr  wry  smnll,  and  stilt  the  two  lairs  which  we 
haTe  just  considvnjd  apply  to  both.  \\c  now  come  to  the  (lucstion, 
is  there  any  close  relation  between  the  magnitudes  of  the  two  presfi- 
lues  exerted  under  comparable  conditions  ? 

The  law  of  Avogadro,  applied  to  gases,  st&tes  that  in  eqo 
volumes  of  all  gases  at  the  same  teni)>erature  and  pressure,  tfc 
are  the  same  numt^er  of  ultimate  parts.  If  the  law  of  Avogad^ 
applied  to  solutions  it  would  be  stated  thus,  in  e(jual  volumos 
soluiious  which,  at  the  same  temperature  have  the  saine  osmotic  ^esB* 
arc,  there  are  conlained  the  same  iiumlier  of  dissolved  particles,  ' 
simplest  way  in  which  this  law  can  be  tested  for  solutious  is  to 
what  relation  exists  between  the  gaa-pressuro  of  a  gaa  particle 
the  osmotic  pressure  of  a  dissolved  particle  under  the  saint;  conditic 
of  temiieratuve  and  ci»iceutration.  Let  us  coni;>are  the  ^att-^ine^sur 
of  hydrogen  gas  and  the  osmotic  pressure  of  oant;  HHKar  in  wat 
Givi-ii  a  one  per  c^t  solution  of  cane  sugar;  sncli  a  solution  wc 
contain  one  grain  6f  sugar  in  lOO.fl  cc  of  water,  and  tlio  osmo 
pri-K.iiirc  of  stieli  u  solution  can  bo  calculated  frotn  I'fefTcr's  result 
Hyilrii^cn  gas,  having  tin)  same  numlier  of  parts  in  a  given  rolnnii 
would  haro  t.hu  following  pressure:  The  molecular  weight  of 
8»g3ir  is  ^2,  tJiat  of  hydrogen  2.  Tho  hydrogen  gas  must,  therefor 
contain  j^  grains  in  I(>0.€  cm.,  which  is  the  same  as  O.O0SI  gran 
per  litre.  Hydrogen  gas  at  0",  and  at  a  pressure  of  one  fttmosphei^ 
weighs  per  litre  O.OSyM  grama ;  the  above  concentration  of  hydr 

O.O.WI 


gas  will,  thcroforc,  exert  a  gas-pressuie  of 
phero  at  0*. 


OMVJH 
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It  is  DOW  only  ucct'ssttrjr  to  wjmparc  Uie  usmoUo  prrssuro  exerted 
by  Uiecan«  siigur  with  this  )(iia-[iri»(Ktirr,  lo  hcc  if  any  simple  nla^ 
tiou&  exist  bctw<M>n  the  luo.  The  following  tubli!  iif  n-bults  b  taken 
from  the  jiapei'  by  Vaa't  lloff:'  — 


Tun-nuTrK 

Ouwnc  PnHDH  or 

WUSl 

0.C81 
0.7U 

O.M.i 
l».tl8l 

conoi 
L   uw  a 


T1t«  remarkable  fitct  is  oxtablishecl  by  tiursc  roHiiits  Uiat  Ihe 
(unwlie  pr&isure  of  a  mliition  of  cane  »ufjnr  i'«  rxaetly  ttpial  to  the 
gtt»-prfs»rarv  of  a  ym  hitvituj  the  ntme  number  nf  pttrta  in  a  giivn 
volume,  temperature  being  tiie  ssine  in  botli  caaes.  Uixler  th«  snmv 
coRditione,  tlien,  s  <lisso1v<-(l  [lurtiirlv  cxorts  the  Bame  osmotic  press- 
ure as  a  pas  purticlr  uxmIm  Havprcssnn-. 

Cawei  of  Ou-prMSQre  and  of  Osmotic  Pressure.  —  That  there 
Id  be  au  equality  bttwcfn  these  two  pressurci;  is  very  surprio- 
if  we  con§i(ler  the  groat  difTerencei  between  the  I'hcnomena  with 
which  we  ace  dealing.  Gas-pressuro  is  explained  in  terms  of  the 
kinetic  tbeory  of  gases,  as  duo  to  the  particles  of  gas  bombarding 
against  the  walla  of  the  contiiiiiig  Tesscl.  It  should  be  stai«d  that 
we  do  not  know  what  is  the  cause  of  osmotic  pressure.  A  great 
number  of  explanations  and  theories  have  been  offered  to  acroiint 
for  oainotic  pressure,  but  in  the  opinion  of  the  writer  no  one  of  theni 
is  at  all  sati.ifaetory.  Some  liavo  attempted  to  awonnt  for  osmotic 
.prCMUm  by  the  attraction  of  water  by  the  dissolved  substance,  but. 
Is  only  a  renaming  of  the  phenomenon,  and  in  no  sense  an 
nntit>n  <jf  it.     Others  have  suggeateil  that  water  passes  through 

Benii-|H!nneabl(i  membrane  from  the  mora  dilute  to  the  more  con- 
centrated solution,  In'x-ause  of  the  seieeiting  action  of  the  dissolvetl 
partielee.  Tbt«e  cannot  pn.ts  lliruiigh  Uio  membrane,  and,  there foi«, 
screen  it  from  ttu.^  Wows  of  tlit?  solvent^  Sinee  the  greater  screening 
influence  is  exerted  on  the  sidn  emitnining  the  larger  nuiulier  of  di»- 
solred  particles,  we  have  tli"  How  ^f  the  solvMit  from  llie  nion^ 
dilute  to  the  more  coneentniti^d  solution.  A  careful  analysis  ni  this- 
ex|>lanation  shows  that  it  is  not  snffieient.  Thi;  scrfttming  influence 
of  the  diasolvcd  particles  would  be  just  ns  great  bnlow,  kei^ping  tlw 


>  ZUeAr.pAy.  CA^.  1,  403  (1887). 
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water  which  has  pasa«d  through  the  membrane  from  rising,  as  it  is 
above,  since  the  membrane  is  quite  permeable  to  water.  It  is.  there- 
fore, fairest  to  say  that  we  have  at  pieaeut  no  satisfactory  theory  to 
ftcoount  for  that  phenomenon  known  as  osmotic  pressure. 

Exceptione  to  the  Applicability  of  the  Gas  Laws  to  Osiaotio  Preit- 
ure.  ^Wi-  hiive  jiiat  att-u  Unit  the  thivi;  Ih-^l  kimwu  laws  of  gjijt- 
pre^sure  apply  to  the  osmotic  [irftKture  of  Kottitions  of  xtibstances 
Ilki!  cane  siij^ar.  We  mtttht  condiiili;  from  this  that  the  laws  of  gan- 
Iin'-dsuri.!  alwavs  iipply  to  thu  osmulic  (ircssuro  of  solvitiims  of  all 
siibstancjt.i.  Siioh  is  n<it  thu  ciisc.  Van't  Hoff'  (Ktintiil  out  that 
thero  arc  not  only  exceptions  to  this  generalisation,  but  a  great  many 
exopptiuns.  Intlewl,  th«  Knbstanees  which  present  cxccptiDiis  arc 
qaitv  (IS  iiiimerou^  as  those  which  eonform  to  the  role,  Th«  osmotic 
pre«surr  of  most  siiIU,  of  all  Uir  strong  acids,  and  all  the  strong 
bases,  is  iniK^h  greater  for  all  conccntraUons  than  would  be  expected 
from  the  osmotic  [iressiiro  of  Eolutiona  of  substances  like  cane  sugar 
for  the  same  concentrations.  The  osmotic  ]>res8ures  of  these  three 
daases  of  substances  are  always  gieater  tiian  would  be  expected  from 
the  laws  of  gas-pressure  applied  to  the  osmotic  pressure  of  solutions. 

Thu  general  expression  for  the  laws  of  Boyle  and  Uay'Luas&c  is, 
OS  w«  have  seen  (page  15)  — 

pv=RT. 

This  ajiplinft  directly  to  the  osmotic  pressure  of  solutioog  of  sub- 
Btuices  like  cane  sugar.  Itut  in  order  that  it  may  apply  to  suhitions 
of  a;dts,  iwids,  and  l>ikses,  a  coefficient  must  be  iulTodiiced,  which, 
for  these  substances,  is  always  greater  than  unity.  This  coefficient 
wa.s  called  by  Van't  Hoff  j,  and  it  has  come  to  be  known  as  the  Van't 
HofI  ■'. 

I'tic  above  expresaos  when  applied  to  acids,  bases,  and  salts 
become,-  pv=(RT. 

While  these  exceptions  were  clearly  recogniied  by  Van't  Hoff,  ho 
was  unable  to  exjilaiu  them,  or  to  offer  any  sutisfactOTy  tlieory  to 
account  for  them. 

In  this  case,  as  in  so  many  others,  tlic  exeoptions  are  as  interesting 
and  important  as  the  case*  which  eonform  to  rule.  Wc  shall  sec 
that  these  exc«!ptiou^  led  Id  a  theory  which  is  one  of  the  most  im- 
portant in  modern  ahcmicjil  xeience,  and  which,  together  with  the 
relations  between  ga^^prcMiurc  and  osmotic  pressure  just  considered, 
constitutes  llie  corner-stone  of  modem  physical  chemistry. 


>  Zucltr.  phj/s.  Chtm.  1,  £01  (1887). 


I 


SOLirTIONS 


199 


The  pnp^r  which  we  have  just  considered  is  of  such  fundamental 
importance  that  it  ih  ditBcitIt  to  luy  too  much  stress  upon  it.  As  the 
subject  dttv«topit  we  shall  sec  its  [tearing  at  every  turn,  and  shall 
learn  to  rrgai'd  it  ax,  indcitd,  eiKHih-makiuK  in  the  highest  senite,— 
as  a  munnmcntal  i-ontri button  to  stiienoe  in  the  Ust  ]iart  of  the 
nineteenth  century. 

I  It  is  always  of  int«rcst  to  follow  the  line  of  thouKht  which  Imds 
to  any  great  discovery.  The  steps  by  which  ^'an't  Hoff  wa*  lirnuglit 
in  contact  with  the  work  of  i'fcffcr  on  osmotic  pressure,  and  vus  led 

'to  the  study  of  dilute  solutions  from  this  standpoint,  were  developed 
in  full  by  Van't  HofF  in  a  lecture  before  the  German  rhcniioil 
Society  in  189-1,  and  which  appeared  in  the  Berklitf,  \'o].  27,  G.  A 
brief  account  of  this  lecture  was  given  by  the  present  writer  in  his 
TTteory  of  Eleclrolgtic  Dittociation,  p.  77. 
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OltiniS  OF  TMK  TEIKOttY  OF  ELKCTltO LYTIC  DISSOCIATION 

The  Problem  as  it  was  left  by  Van't  Holf.— Van't  IIolT  saw 
■ly,  a.1  wf  havti  stali-4,  lli;it  a  lari,v  cias.-i  uf  coiiipoumls  shows  an 
lOtic  pressure  which  confirms  lt»  the  )ias  laws,  and  yet  *  very 
e  class  gives  an  unumtic  pressure  which  is  always  too  great. 
Van't  HofT;;  own  word.-t  in  this  connection  will  be  given:'  *'If  wo 
still  <»>ii.tidi*ring  '  ideal  solutions,'  a  class  of  phenomena  must  he 
t  with  wliii'h,  fmiii  the  now  clearly  demonstrated  analogy  be- 
solutions  and  gases,  arc  to  lie  ctasscil  with  the  earlier  so-called 
deviations  from  Arogadro's  law.  As  the  pressure  of  the  vapor  of 
Rmmonium  chloride,  for  example,  was  too  great  in  terms  of  this  law, 
so,  also,  in  a  largo  number  of  cases,  the  osmotic  pressure  is  abnor- 
mally Urge,  and  in  the  first  case,  as  was  afterwards  shown,  there  is  a 
breaking  down  into  hydrochloric  acid  and  ammonia,  so  also  with 
solutions  we  would  naturally  conjecture  that  in  such  cases  a  similar 
decomposition  had  takeik  place.  Vet  it  must  be  conceded  that 
anomalies  of  this  kind  existing  in  solndoiis  are  mtiofa  more  niuner- 
o\is,  and  appear  uith  substances  which  it  is  difficult  to  assume  brealc 
down  in  the  usual  way.  Exainplcs  in  lujnoous  solutions  are  most  of 
tlie  salt^  the  strong  acid.-s  and  (Im  strong  bases.  ...  It  may  then 
bare  appeared  daring  to  give  Arogadro's  law  for  solutions  stich  a 
pmmineot  pWc,  and  I  should  not  have  done  so  had  not  Arrhcnius 
pointed  out  to  mc,  by  letter,  the  probability  that  salts  and  analugous 
substances  when  in  solution  break  down  into  ions." 


'  Zlfhr.  pliff.   Chtm.  1,  fiOO  (1887). 
Edited  by  Ames  (Amer.  Book  Co.). 
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The  last  seDtence  furnishes  the  connectiDg  link  between  the  gen- 
eralization reached  by  Van't  Hoff  and  the  discovery  of  the  theory 
of  electrolytic  dissociation.  The  latter  we  owe  to  the  Swedish 
physicist  Arrhenlus,  to  whose  work  we  shall  now  turn. 

Work  of  Arrhenini.  — A  paper  bearing  the  title  On  the  Diaaocia- 
tion  of  Subatancea  Diaaolved  in  Water  appeared  in  the  same  volume 
of  the  Zeilachrift  Jur  phyaikaliache  Chemie^  as  the  paper  by  Van't 
Hoff,  which  we  have  jjist  considered.  Airhenins  was  impressed  by 
the  generalizations  reached  by  Van't  Hoff  connecting  gas-pressure 
and  osmotic  pressure,  and  especially  by  the  large  number  of  excep- 
tions to  these  generalizations.  Referring  to  the  equality  of  gas- 
pressure  and  osmotic  pressure  under  the  same  conditions,  Arrhenius 
says : '  "  Van't  Hoff  has  proved  this  law  in  a  manner  which  scarcely 
leaves  any  doubt  as  to  its  absolute  correctness.  But  a.  difficulty 
which  still  remains  to  be  overcome  is  that  the  law  in  question  holds 
only  for  'most  substances,'  a  very  considerable  number  of  the  aque- 
ous solutions  investigated  furnishing  exceptions,  and  in  the  sense 
that  they  exert  a  much  greater  osmotic  pressure  than  would  be 
required  from  the  law  referred  to." 

Arrhenius  stat«d  the  problem  in  the  above  words.  We  will  now 
follow  the  line  of  thought  which  led  him  to  its  solution.' 

"  If  a  gas  shows  such  a  deviation  from  the  law  of  Avogadro,  it 
is  explained  by  assuming  that  the  gas  is  in  a  state  of  dissociation. 
The  conduct  of  chlorine,  bromine,  and  iodine,  at  higher  tempera- 
tures, is  a  very  well-known  example.  We  regard  these  substances 
under  siicli  conditions  aa  broken  down  into  simple  atoms. 

"  The  same  expedient  may,  of  course,  be  made  use  of  to  explain 
the  exceptions  to  Van't  Hoff's  law ;  but  it  has  not  been  put  forward 
up  to  the  present,  probably  on  account  of  the  newness  of  the  subject 
and  the  many  exceptions  known,  and  the  vigorous  objections  which 
would  be  raised  from  the  chemical  side  to  such  an  explanation." 

Arrhenius  then  puts  forward  the  assumption  of  the  dissociation 
of  certain  substances  dissolved  in  water  to  explain  the  exceptions 
to  Van't  Hoff's  generalization.  Osmotic  pressure  is,  as  we  have 
seen,  proportional  to  the  concentration  of  the  solution.  This  is 
the  same  as  to  say  that  osmotic  pressure  is  proportional  to  the' 
number  of  dissolved  particles.  If  a  substance  exerts  an  abnormally 
great  osmotic  pressure,  there  must  be  more  parts  present  in  the 
solution  than  we  would  expect  from  the  concentration.    But  adds, 

'  Ze«eAr.  pAy>.  Chem.  1,  631  (ISSl).    ScientiSc  Memoln  Series,  IV,  p.  47. 
*  Scienti6c  Memoira  Series,  IV,  47-18.   Edited  b;  Amea  (Amer.  Book  Co.), 
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8,  and  salts,  represented  by  hydrochloric  acid,  potassiiun  hydrox- 

,  and  potassium  chloride,  are  the  substances  which  show  the  ab- 
normally great  osmotic  pressure.  How  is  it  possible  to  conceive  of 
substances  such  as  these  breaking  down  into  any  larger  number  of 
parLi  than  would  correspond  to  their  molecules? 

This  is  the  problem  which  must  be  solved,  and  Arrhenius  hu 
solved  it,  as  we  believe,  satisfactorily.  He  went  baolc  U>  the  ttionry 
pro{xi8ed  by  Clausitis  to  aocounl  for  the  facts  which  were  known 
ill  eonnt^ctioii  with  the  phenonieuoii  of  electrolysis.  Thu  theory  of 
Clausiu.s  will  be  ileveloiied  later  at  some  length.  SulGctt  it  to  say 
here  that  tt  was  found  tliiit  an  infinitely  weak  curn-iit  will  dtX-om- 
jxise  water  to  which  a  little  aciil  is  addi^d,  liberating  hydrotten  at 
one  polo  and  oxyt^en  at  tho  other.  If  th«  aqueous  sotntion  of  the 
acid  eontJiinpd  only  molecules,  in  order  Uiat  wt-  niiicht  hare  elec- 
trolysis the  current  iiitist  1m;  cii|MbIe  of  decoinpcistng  thi^  inolecidvs. 
Th«  fact  is  that  a  current  far  too  wt^ak  to  decompose  a  niolocule  ol 
water  will  effect  plecirolysi.t.  Therefore,  some  of  the  molecules 
present  in  the  solution,  either  those  of  the  water  or  of  the  acid, 
must  be  .ilrcady  broken  down  hi-fon'  the  current  is  passed.  Clausius 
did  not  elaini  ttiat  the  moleeuies  are  hrokcn  down  into  their  constitu- 
ent atoms.  Such  a  theory  would  be  absurd.  His  theory  was  that 
the  moUvnlrs  are  broki.-n  down  into  parts,  whii-h  he  called  ions,  and 
each  ion  is  thargeil  with  electricity,  cither  positively  or  negatively. 
All  ion  may  bo  a  charged  atom  or  a  charged  group  of  atoms. 

The  theory  that  molecules  Ave  broken  down  into  ions  by  a  solv- 
ent like  water  was  proposed,  then,  by  ('lausius  in  ISiiG. 

A  similar  theory  waa  advanced  by  the  chemist  Williamson  in 
I8C1,  as  the  result  of  his  work  ou  the  synthesis  of  oniiuary  ether 
from  alcohol  and  sulphuric  acid.  This,  also,  will  lie  eonsideriHl  in 
det^l  in  the  proper  place.  The  theory  of  Clauaius  differetl  fmui 
that  of  ^Villiaiitsou,  in  that  the  former  assumed  that  Uiere  lu'e  only 
a  few  molecules  broken  down  into  ions,  while  Williamson  thought 
that  most  of  tlie  molecules  presi^nt  are  in  a  state  of  deeoni]»Mtition. 
It  should  be  obserred  that  l»th  <]f  these  tlieorie*  are  purely  qualita- 
tive 8U|Egostions.  The  onu  thought  that  only  a  few  molecule*  in 
solution  are  hrokcn  down  into  ions,  the  other,  that  we  have  r/>do 
mainly  with  ions;  but  neither  snggeistod  any  meUiod  by  which  we 
could  determine  the  actual  amount  of  the  dissociation  in  any  case. 

The  new  feature  which  was  introduced  by  Arrhenius  was  to 
point  out  a  method  for  determining  just  what  per  cent  of  the  mol»- 
Otlles  is  broken  down  into  ions.  He  thus  converted  a  purely  qualita- 
Uv«  Bu^estioa  into  a  quantitative  theory,  which  could  be  tested 
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experimontally.  The  methods  for  meoauriui;  tbo  Mnouot  of  dis- 
socialton  in  solution,  which  woio  wurkcd  out  by  Arrhi-iiius,  will 
be  coDsidpwd  in  tha  propt-r  pla(*s.  It  would  he  pt-eUialure  Ui  dis- 
cuss them  liere,  since  tlii'y  fn.ll  nuturully  iii  liiK!  in  Ihd  suliseiiuent 
chapters. 

The  Theory  of  Electrolytic  Diasooiatioa.  — The  theory  of  electro- 
lytic dissoolation,  as  we  have  it  to-day,  states  that  when  acids,  bases, 
Uid  salts  are  di&aolved  in  wat«^r,  they  break  down  or  dissociate  into 
ions,    Ei&mples  of  the  tlire«  cla^isea  are  the  foUowiuif:  — 

HCl  =  H  +  CI, 

KOH  =  iC  +  OH, 

KCl  =  k  +  CI. 

Each  compound  dissociates  into  a  positively  charged  part  eallt 
a  OOtfoit,  and  a  uegativcly  charged  part  an  anion.  These  ions  may 
be  charged  atoms  as  the  above  oations,  or  groups  of  atoms  as  the 
anion  OH.  The  cations  are  usually  simple  atoms  charged  with  posi- 
tive electricity.  The  cation  of  all  acids  is  hydrogen :  the  nature  of 
the  anion  varies  with  the  nature  of  Uie  acid-  It  may  be  chlorine, 
bromine,  the  NOj  grou|>,  SO,,  vie..  Tlie  anion  of  bases  ia  the  group 
(OH);  the  cation  vaiies  with  the  nature  of  the  haae.  It  may  be 
pataasiutii.  barium,  a[ti:ii(}iiiuiu,  rtc  The  anioiH  and  cations  of  salts 
both  vary  with  the  nature  nf  i\tt-  suit.  They  dt-pi-jid  ujH>n  the  nature 
of  the  acid  aud  the  bii^ii^  wliii.-h  havo  condiinod  to  form  the  »alt. 

It  wan  Htiiti'd  tliiit  hydrofii'n  is  the  cation  intu  whitjh  all  xcids 
di»30ciat.tt.  It  niity  he  added  that  this  is  the  diararlcristio  ion  of  all 
anid»,  and  whenever  it  is  present  w«  have  acid  properties.  Further, 
wo  never  have  aeid  properties  unless  there  are  liydrogcn  ions  present. 
The  same  may  be  said  of  the  hydroxyl  ions  into  which  baaos  dis- 
ROOiato.     This  is  the  characteristic  ion  of  bases. 

The  evidence  bearing  upon  the  theory  of  electrolytic  dissociation, 
aud  the  objections  which  have  been  urged  to  it,  will  be  presented  as 
the  Hubjecl  develops.  One  misconception  which  has  arisen  so  often 
must,  however,  be  anticipated  iii  advance. 

It  has  been  repeatedly  urged  that  the  theory  claims  that  a  com* 
pound  like  potassium  chloride  disHociates  into  jKitassiura  and  clilo- 
rine,  and  since  neither  potassium  nor  chlorine  can  i-ciuain  in  the 
presence  of  water  under  ordinary  conditions  without  acttn);  u\Kat  it, 
the  theory  is  8elf*videutly  wrong.  This  ohjoctioii.  like  so  many 
others,  is  based  uiKin  an  iuiperfeut  uiiderittandiug  of  tlm  Uieury.    Kq 
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I  Las  ever  claimed  tliat  a  compound  like  pntaMium  ehlorid*!  dis- 
8o<n«t«s  in  tlie  preceiice  ut  water  yielding  nlomit!  or  mulL'Ciilur  {>otnA- 
gium,  having  the  properties  of  ordinary  potaimiuiii.  Tlie  producta 
of  dissooialiou  ant  a  putjLSMum  iuu  and  a  chloriuv  ion,  and  tbe 
potasttiuiii  ioQ  is  n  potiusiuni  al.'>m  i-hitrgod  with  a  unit  of  poailJv« 
.  altictricity.  Thvire  is  no  rviuun  wliutuvur  for  supposing  any  c]oea 
eniiint  between  the  general  properties  of  a  potassium  atom  and 
thoae  of  a  potassium  atom  charged  with  electiieitv.  About  the  only 
property  whifth  we  would  expoi^t  to  remain  unchanged  is  that  of 
loiuta,  and  the  inaas  of  an  atom  is  not  changed  by  cltargiu([  it. 
The  proi>erlieii  of  atoms  are  doiihtleJKS  verj'  closely  connected  with 
the  ADvrgy  rrlution$  which  ohtiiin  iti  or  tiputi  the  atom.  ^Vlien  we 
change  tlu'S«i  as  fundaimrtilally  iw.by  adding  an  (electrical  ehargf,  w* 
would  cxjwct  fnndami-iitiil  (■liaiigi''i>  in  jimiH-nies;  and  stuch  nn:  tho 
fofits.  It  <yin  Ixt  safirly  statoil  that  whatever  may  be  the  iillimato 
fate  of  the  tht-nry  of  electrolytic  dissociation,  it  will  never  ewffer 
striously  from  any  Huch  ohjoetion  as  that  just  rvfi.irrud  to. 
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Blagden;  BUdoIph:  Coppet.  —  It  was  early  known  that  a  dissolved 
eiibstaucu  lovriTN  the  fi'<jitKi[ig-[H)int  of  tlie  solvent  in  which  it  is 
ditmilred.  Tlie  btMt  illustration  which  wc  have  of  this  fact  in 
nature  is  thv  si-ji.  Salt  waliT  fri-f;tM  hiwcr  than  piitx'  wotrr.  Heir, 
as  iu  so  many  oilier  i.-iisi's,  quuliutive  oV>servai,ion  pn-eeded  qiiantitu- 
tdvv  me.asurpment  by  a  long  time.  K»ar  tho  elosv  uf  the  last  century 
in  ivlations  were  disoorcrcd  between  the  tjuantity  of  dissolved 
nee  and  tho  amount  by  which  tho  frcczing-jioint  of  w.iter  was 
IowvtmI.  It  was  pointed  out  by  Uli^dcn'  that  the  freexing-point 
lowering  is  proportional  to  the  amount  of  dissolved  substance,  and 
this  has  vonie  to  be  known  as  tbe  Law  of  lilagden.  This  law,  as  we 
know  toniay,  is  by  uo  means  general.  In  some  cases  it  holds  approi- 
imately,  while  in  many  castts  the  lowering  increases  more  slowly 
than  the  amount  of  subalance  as  the  concentration  of  the  solution 
increas'.-a.  As  a  first  attempt  at  a  generalization  in  this  field  the  law 
of  Blagileu  is  important. 

The  same  relation  waa  discovered  much  later  by  Rudolph,'  who 
not  aware  of  the  work  which  bad  been  done  by  Bla^'den. 


I  FMI.  Tmnt.  Ti.  S77  (1788). 
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An  important  ftdvanre  was  made  in  lliv  studj'  of  the  froeziog- 
!)jp0ilrt  lowi-ring  uf  soItpiiIs  l>y  rfissolvt^d  sulistsoces  hy  €i>pp«t.' 
'luHbttiA  of  workiii){  with  [>er<rentage  cuncvntriitions  b«  usod  quiUiLi* 
tiw  of  (liflervnt  substances  whicli  were  cvrnpaniblu.  He  uBwl  inoleo- 
ular  quantities  of  snbst«nce«,  and  expressed  his  coikh-jiI rations  in 
terms  of  i;rani-uit>lfcul«'S  of  tlic  substt>n<«  in  a  ^iveik  qiiantii}'  uf  tb« 
solvent.  He  espri<s6ed  the  frfcjsing-point  luwi-riuga  in  terms  of  gnun- 
molecular  coucentmtions,  and  nscd  the  term  wliicli  has  sinoo  como 
BO  muc^b  to  the  front  —  molwiulai"  lowering  of  the  freezing-point 
Coppet  carried  out  fairly  extensive  in ves ligations,  and  pointed  out  a 
number  of  relations  sucli  as  the  approximate  equality  of  the  molecular 
towerini;  prudui^ed  by  analo^-ous  substaiict'S.  His  nii-tbod,  of  course, 
did  not  oouipare  in  iu'cnriii.'y  witb  that  usi-d  in  stibsei|nciit  work,  and, 
therefore,  his  resnlbt  will  not  Iw  considcri'd  in  any  di'tail. 

Work  of  Baoult.  —  The  work  of  Rnoult '  on  tliv  lowering  of  the 
freenini;- point  is  really  e]>o(!h-niiikin);  in  this  UtOd,  and  lin>!  funiisiieil 
the  incentive  fur  iinich  of  the  l>e:«t  wnrk  which  has  been  §ubs<ti|UODtly 
done.  He  usi'il  a  nunilmr  uf  anlvent;*  and  studied  tho  lowering  of 
their  frt'vxing-puiuts  prodiieed  by  a  number  of  different  kinds  of 
ohemieal  siibstani^es.  In  working  with  aqueous  solutions  he  used 
not  only  acids,  biLies,  and  salts,  but  also  a  large  numlx;r  of  organic 
componnds.  Hy  tlius  widely  extending  the  field  of  endoscopic 
measitreiiients  he  was  able  to  point  out  a  number  of  relations  which 
had  hitherto  been  undiscovered. 

A  few  of  the  many  residts  obtained  by  Itaoult  will  be  given,  and 
then  sooic  of  bis  conclusions  from  hia  inveatigatioua. 

He  reprnscnta  by  A  the  lowering  of  the  freezing-t>oint  produced 
by  one  gram  of  substance  in  one  hundred  grama  of  the  solvent,  and 
by  St  the  molecular  weight  of  the  compound,  The  molecular  lower- 
ing, T,  =  MA. 

"1  have  found  that  if  the  Bolutiona  are  dilute  .  .  .  all  the  organic 
substances  in  aqueous  solution  produced  a  molecular  lowering  which 
is  nearly  constant  .  .  .  and  I  have  shown '  what  use  could  Ve  wado 
e£  this  fact  for  determining  the  uiolcimlar  wetghu  of  organic  oom- 
pounda  soluble  in  water.  I  will  now  lihnw  lliat  analogous  results 
ai-e  obtained  with  all  suIventK  whic^h  ran  be  readily  solidiliiid,  and 
that  s  Tery  imixirtant  general  law  is  connected  with  tliem." 

'  Ann.  Chivi.  Phy.  [i],  93,  fflWI  (1871) ;  U,  SOU  (IPTS)  ;  U,  98  (1878). 

*  IbUl.  [GJ,  tt,  tST  (1683);  [0],  S,  06  (UM).  Soienliflo  Memoim  Serios, 
IV,  7!. 

•  SFlmlifle  Memftlr*  SnrtM,  IV.  Tl.  Edlud  by  Ames  {Aoier.  Book  Co.). 
Ann.  dim.  rhij,.  \h],  U,  137  (isa.'i). 
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Solutions  in  Acetic  Acid 


SuDn^Hoa 


Methyl  iodide 
Carbon  bieulpliiJo , 
Ether      , 

AcoUins .         .        . 
Potutiiuu  acetaM  , 

Sulphuric  ftcltl 
H;clivichluric  aciil  . 
Magnmium  utitrUU) 


ycurru 

Hai-m-Lti 
Ix-aUiHo 

CH.I 

38^ 

CS, 

38.4 

C,II,„0 

»0.4 

Cst}(0 

3H.1 

CjlIjDjK 

'■19.0 

H,SO. 

1S.0 

tICl 

17:* 

C«il.O,Ms 

18^ 

Tho  molcciilur  lonvrin^  in  sr«tic  acid  centru  arouDd  two  vrIucs, 
Tu.  39  ftii<l  18  —  th(!  one  being  double  the  other. 

Solutions  ix  Bbnsbnb 


GlTBtTAHCfl 


Melliyl  iodide 

NiLrDbancene 

Etlirr 

Ktlif  I  (uniiau 

AMtoiie . 

Anmnic  Iriclilciride 

MtUiyl  alcutiol 
Ethyl  nicotaol 
Bcnxolc  acid  . 


Fouvi* 

HoUUUUB 

Lo»«aun> 

cHiI 

eo.4 

cu,so. 

4&0 

c.n,^ 

49.7 

C.U.01 

4M 

c»n,o 

4M 

AjCU 

4SLS 

cu,o 

tu 

CintO 

S8LS 

C.lW>i 

2M 

Here,  alRO,  wc  find  that  the  molecular  lowering  centres  atoond 
iius  two  til1u<%,  19  uiid  2t>. 

The  n-Mtilla  obtained  with  water  us  m  solvent  are  more  irreguJAC 
than  in  noy  otltcr  caso.  Tht«  b  tlie  reason  wliy  the  earlier  experi- 
menters in  this  lipid  fniU-d  to  discovi-r  gonpr.'dixiitions.  They  all 
worked  with  aqncous  solutions,  and  with  ai|»i-oti.s  .solutions  of 
metallic  salta,  Raoult  was  the  first  to  employ  organic  compounds 
u-itJi  water  aa  a  solvent. 

The  same  relations  discovered  with  otJuir  solvents  appear  also 
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tV—HJB» 


Hjntnwhiorio  acid . 
KItrlR  acid      . 
Sulphuric  tcirf 
foliLMiuiu  Iijtlruxidu 
ikHlium  by<lr»iidi> 
I'otAEiiuni  formnto 
SodiiAii  Hiiljilinw    . 
SiKliimi  okhIuUi 
CuIfUiin  iiiirate 
Coiipcr  fulpliiiio    . 


Methyl  nlcblicil 

Acutoue .       . 
Halic  Mid 
Hydrocynnio  acid 
AmmoDlit 


Pouot-t 


HC1 
UNO* 

11,80, 
KOH 
NaCilI 
ncOjK 

Cii(SO,), 
CuSO, 

CH,0 
C,H»<), 

C,n.('i 

IICN 

Nil* 


MDL*avi.im 
LawniM 


39.1 
3A.8 
:i8.3 
3.'>.» 

3l,.3 
3b.4 
43.! 
3TJ 
18.0 

1T.8 
ll.l 
17.1 
IB.7 
10.4 
II).I> 


here,  The  molecular  lowerJiigs  in  water  ociitrp  roiijthly  arciuikd  llie 
two  viiluus,  y"  iuiil  18JJ.  All  iLe  suits  of  ttic  alk»Iit«  and  nil  tbe 
salts  of  thv  strung  aculs  aiiil  bases  ^jcivo  h  mulc^^uliir  Iww«rin(|;  o{ 
approximately  3".  Some  nails  of  thti  liiTtili-nt  nuilals.  nil  llw  vcak, 
acids  anil  hasvs,  und  all  tlid  or^'auic  CDiniiuuiids  giw  a  roolix-ulur 
lowering  of  approximatrly  18.5. 

Conoliuioiu  from  ttie  Work  of  Hooolt  —  Kaoult  drc^w  the  follow- 
ing coiiutusious  from  his  iDVcsti^tions:  — 

"Kvery  subiitaucc,  solid,  liquid,  or  gaseous,  wbeu  dissolved  in  a 
definite  liquid  coruijound  capable  of  solidifyitig,  lowers  its  frt-ezing- 
point. 

"The  iiiolofiular  loweriiiK*  of  tlie  froczing-poinl.tt  of  ;J!  tIi«solTeut«, 
produced  by  tlie  difFert-ut  cuiii[K>iinds  dissolved  in  tlieui,  approAch 
two  mean  valuer  which  vary  with  tlic  imtiitv  of  tJiff  Bolrnit,  Uie  ono 
IjeiriK  twir«  tin;  fitlicr."  ' 

Kaimlt  |K>int8  out  clearly  how  it  ia  pottsible  to  use  tbe  loweriDg  of 
the  freezing-point  to  determine  the  moleoular  weiftlit  of  the  diitsolvod 
substance.  The  substanees  which  produee  the  lower  or  the  higher 
value  belong  to  well-defined  (n^upii,  and  this  fact  can  he  made  use  of 
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in  determiDing  inolecutar  weigbtii.  Thus,  the  salts  of  th^  alkalioa 
in  water  gire  a  molecular  lowering  of  about  37,  We  must,  therefore, 
take  that  molecular  weight  of  the  salt  which,  wheu  multiplied  by 
the  ooefflcieul  ^  gives  37.  If  wearedealiug  wiihorgauiccou)t>ounds, 
we  must  adoi>t  that  molecular  neight  which,  wheu  inultiplied  by  A 
gives  IS.ti.  Other  solvents  can  be  eui|iIo,vt<il,  atitl  the  molecular 
weights  of  thit  dissolved  nubxtanves  d<^u-riii lucid  in  a  iihuiWt  of  sol- 
vents. Thi«  impDrlancc  of  the  fri-i!xinjj-i>i>int  mvtho<l  in  ticterininiiig 
molecular  wcigbta  will  bo  taken  up  a  little  later;  rererciiiie  is  made 
to  it  hore  to  show  tliat  it  is  tlw  direct  outcome  of  the  work  of  Raoult, 
and  that  the  possibili^  of  determining  the  molecular  weights  of  sub- 
8tanc>'4  in  solution  was  clearly  ]X)inted  out  by  bira, 

AaODlt'i  Lav  for  Different  Solvents.  —  If  the  molecular  lowcrings 
of  the  different  solvents  are  divided  by  the  molecular  weights  of  the 
solTents,  the  law  of  Raoult  beconiea  a|>parent.  The  table  for  six  sol- 
vents, takeu  from  the  paper  by  Kaoult,'  is  given  below :  — 


io. 

M 

L 

jr 

to 

HOI.10.    WlluflT 

HoUH.  Lowmne 

at  I  UuLiniU  IK  lOD 

Miil.B'l>LM 

Waur    . 

» 

47 

2°j81 

I^Onnic  Acid  . 

16 

•a 

VM 

:Aflnic  Acid  . 

60 

sa 

O'M 

Bmiicho 

78 

60 

VM 

KICfnb«niaM . 

128 

73 

OfM 

BUiylMis  ttomlde . 

188 

U9 

VM 

With  tlio  exception  of  water,  the  raUi«  of  jj>ts  ivry  nrnWy  a  am- 

stam,  Independeitl  of  the  nattirf  of  the  »nhvnl.  Baoult  poiut«  out  that 
this  ia,  indeed,  not  sui']>rising ;  eIdcc.  if  the  lowering  of  lln'  freexing- 
point  is  so  largely  iudependeot  of  the  nature  of  the  dissolved  nub- 
stanra,  as  vrf.  know  that  it  ia,  why  slioold  it  not  also  be  indepvuilent 
of  the  luiture  of  tlte  solvent  ? 

Ijcaving  water  out  of  the  question  for  a  moment,  the  general  law 
of  the  lowering  of  the  freezing-point  of  solvents,  as  disooverrd  by 
Raoult,  can  be  formulated  thus :  — 

**  Ifotte  mnff^iile  of  any  tubttonce  is  dhmlv^l  in  one  liHndrrd  mcrfo- 
cuie*  of  any  ligntd  of  a  dSffirmt  natun,  the  bmxrinQ  of  the  fitaiv^ 
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point  of  lAis  liquid  it  alwffjw  nearlif  (A«  aame,  ami  approximtUely 
0'.C3." ' 

ExcepUon  preseBted  by  Water.  —  The  exception  to  this  law  pre- 
seated  by  water  is  quite  iutereisting  ia  the  light  of  what  we  bave 
already  learned  wiUi  respect  to  the  state  of  aggregation  of  the  mol& 
«nlea  of  pure  water.  From  a  study  of  the  surface-ieusiou  of  water. 
It  will  be  reiueuitiered  tliat  KaniHay  and  Shields  cajne  to  the  coiu-lu- 
sion  UiaL  tbere  are  four  oheiuical  uiolecules  of  water  aggregated  to 
form  what  in  xonicttiueH  called  the  physical  inuleeule.  In  other 
wordFi.  the  formula  for  tlio  molecule  of  water  in  tlm  liquid  state 
should  bo  (H,0),  or  H.O,. 

All  c^xniiiinAtioti  of  the  prcnwling  table  for  aqucouti  solutions  will 
ithow  that  tlie  inaxiiiiiiin  moleciilur  li^wcring  for  wati.^r  may  be  as 
great  113  4'.i,  ami  a  ntimltor  of  etues  are  known  where  it  ia  as  great  aa 
47.  This  is  just  alxnit  the  value  which  we  would  exi>eot,  if  the  mote- 
eules  of  water  w«re  aggregated  in  groups  of  four:  — 


47 
18x4 


=  0,65. 


This  value  is  very  cloeo  to  tlio  mean  of  the  values  found  for  tlie 
oth(<r  five  solvents. 

The  conclusion  reached  by  Kamsay  and  Shields,  from  a  study  of 
the  surface-tension  of  water,  is  thus  contirined  by  the  frcezing-^Htint 
lowerings  produced  by  dissolved  substances. 

It  should  l)e  stated  before  leaving  the  law  of  Raoult  that  the 
most  refined  work  has  subsequently  shown  that  tiie  law  is  not 
rigidly  true.  It  ia  only  an  approximation  to  the  truth,  but  one 
wMcli  coitrdinates  a  large  number  of  otherwise  more  or  lesa  dift- 
conneeted  facts. 

Freezing-point  Lowering  and  the  DisBooiation  Theory.  —  Accordiug 
to  the  theory  wbii^h  bad  ju.^t  betin  proponi'd  by  Arrlieniui^  acids, 
buies,  and  naltit  iu  tin:  pn^sence  of  water  ore  Iwolten  down  into 
parts,  which  wrre  culled  ioim.  Solutions  of  tlicsc  suK^lanri's,  it 
will  be  romftnilMircd,  gave  a  greater  osmotic  pressure  than  would  lie 
'espcctcd  from  the  ooncentrationa  employed.  Just  these  same  m)v 
stiuioes  gave  a  too  great  lowering  of  tlie  frM'zing-jHiint  of  water. 
If  tJie  compound  was  of  the  tyi»  of  hydrochlnrin  aiid,  potaKsium 
liydroxiiUt,  or  potassium  chloride,  S.t.  such  aa  would  diiwociaU-  into 
two  ions,  the  molecular  lowering  in  dilute  solutions  was  nearly  twice 
as  great  as  the  nonnsL     If  the  molecule  nf  the  snbstnnee  could  die- 


■  Bcicniiac  Uemoin  SerlM,  IV,  62.    Edited  by  Amu  (Amor.  Book  Co.) 
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sociate  into  three  kms,  aa  siilphnric  aoid,  barium  hyilroside,  or 
bariiim  chloride,  the  mole<:uIar  lowering  was  ncaily  threo  times  die 
nonaal,  if  the  solutions  were  liilute. 

Tlieae  facts  accord  perfectly  with  Uie  results  of  the  nieasutv- 
meiits  of  osmotic  pressure,  and  funiiiih  strong  evidence  in  favor  of 
th«  theory  of  electrolytic  dissociation  —  an  ion  lowering  the  freezing- 
point  to  the  same  extent  aa  a  inoleculc 

Arrheitius'  saw  the  Kii^nirieuiiov  of  theso  facts  in  connection  with 
hi»  theory,  and  puint^il  out  tliat  we  hare  here  a  metliod  of  testing 
the  theory,  lie  used  the  froexing-polnt  method  to  detenninc  the 
values  of  the  coefficient  i,  which  had  hceii  introduced  liy  Viiii't  Hoff 
into  the  general  gna  equation,  in  order  that  it  might  be  applied  to 
the  oaiuotic  pressure  of  solutions.  Arrhenius  poinU-d  out  that  the 
value  of  t  could  be  obtained  by  the  froeiing- point  luethmi  as  follows : 
If  a  gram- molecular  weight  of  a  non-diasooiateil  eoinjioiind  is  dis- 
solved in  a  litre  of  water,  tlie  lowering  of  the  freexiuK-pniiit  of  the 
water  is  l'.S,'>,  If  the  substance  is  dissociated,  Uio  lowering  pro- 
duced by  a  solution  of  equal  concentration  is  always  greater  than 
the  above.  In  order  to  find  the  value  of  i,  it  is  only  nucosaary  to 
divide  ttu>  molecular  lowering  found,  f,  by  I.80:  — 


i  = 


1.86 


Arrhenius  determined  by  this  method  the  value  of  t  for  a  large 
nunilx^r  of  substances,  and  compared  the  vahies  obtained  with  those 
found  by  another  ntetltotl,  which  we  will  consider  later.  It  wm 
from  thiN  comparison,  aa  we  shall  see,  ttiat  the  theory  of  viectrotytie 
diswM'i.'iti'iii  at  (met  canie  iuin  pnimitieitce. 

Apparatus  devised  by  Beokmans.  —  The  nieasarfments  of  the 
^eexiug-points  of  solvents  and  of  solutions,  whti-h  had  been  made 
up  to  this  time,  were  necessarily  not  very  n-fined.  Neither  the 
apparatus  employed  nor  the  method  used  a<inittted  of  any  very  high 
Aegren  of  aoeuracy.  An  imtwrtant  step  toward  the  improvement 
of  both  method  and  apparatus  wa-*  taken  by  Iteckmano,'  after  a 
number  of  attempts  had  been  maile  by  Hentsobel*  and  others.    Th« 

tratus  designed  and  used  by  Beckmanu  is  sliown  in  the  following 

ire:  — 

The  gliLHH  vessel  ^t  is  to  recoiv«  the  solvent  or  soliition  whose 
fwezing-IKiiut  is  to  be  detennined.     The  subutanoe  can  be  introduced 


1  ZMiir.  fAf*.  Ct>*m.  I.  633  tl8«T). 
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tbroogh  tlie  side-tube,  but  tbe  latter  can  be  readily  dispensed  with. 
The  tube  A  passes  through  a  oork  into  the  wider  glass  tube  A„  and 
an  air-space  exists  between  the  walls  of  the  two  tubes.  ITic  thor- 
mometer  T  ia  iuMtted  into  A,  aud  fastened  tightly  in  position  by 

nteane  of  a  oork.  The  liquid  in  A  is  stirred 
by  means  of  a  glass  rod  bent  iu  a  drcle 
of  sufficient  diameter  to  allow  the  bulb  of 
the  thermometer  to  pass  through.  The 
Btirrer  is  attached  to  a  veTtical  rod  S,  and 
noted  up  and  down  by  means  of  the  hand. 
£  is  H  battery  jar,  whi<:h  contains  the 
fn^nng-inixturr^  The  nubstauce  used  in 
tbe  jar  <lepen(lM  iijion  tlin  free;ring-pi>int  of 
the  Miilrent  with  whiih  we  »re  dealing. 
If  the  solvent  im^yx  njiprcRiiibty  above 
the  frvoji  11^- point  of  wiiter,  it  is  only 
necessary  U»  use  waUir  and  ice.  If  we  are 
working  with  wnt«r  as  the  solwut,  the 
fropjting-inixtiirc  more  commonly  used  is 
ice  and  salt.  Care  must  b<! 
taken  tlmt  not  tno  intich  salt 
is  usfd,  wince,  when  the  mix- 
ture is  too  cold,  the  result*  ob- 
f^incil  nre  oFUn  not  ri'liablc, 

The  thermometer  nseil  by 
Beckmann  require>s  special 
couimcnt.  It  Is  constructed  on 
a  different  plan  from  that  of 
any  other  thermometer  which 
has  ever  been  used.  In  the 
first  place,  the  bulb  is  very 
larite,  and,  cousequently,  the 
divisions  on  the  scale  corre- 
spond to  a  very  small  range 
in  U-mpcrature.  Tlie  largest 
scale  divisions  correspond  to 
decrees.  The  total  range  of  such  a  thermometer  is  usually  abont  6'. 
The  next  smuller  dirisions  correspond  to  tenths  of  a  dcgiee,  and  the 
smallest  divisions  to  hundredths  of  a  degree.  Ity  lucaiis  of  a  small 
lens  it  is  possible  to  read  the  scale  to  thousaudtlis  of  a  degree. 

The  unique  feature  of  the  Ueckinann  thermometer  is,  howerer, 
the  arrangement  at  the  top.    This  is  scon  in  Fig.  26. 


Flo.  M. 


Fio.  38. 


TW  capillniy  tormlnatcs  in  n  reservoir  or  cistern,  ioto  wliicb,  by 
^1  wanning  ttu-  bulb,  tiivroiiry  »iii  bu  driven.  '£]w  uicrrury  tu  this 
^L  rusorvoir  can  be  thrown  viiIkt  to  thv  top  or  bottom  bj  buiditig  tbfl 
^K-tlWnuoinvt4)r  and  tupping  or  thrusting  it.  Hy  thia  means  it  is  pos- 
^Bjllbto  to  increase  or  dix^rcase  the  lunount  of  iiicrcnry  iu  th«  bulb  of 
^VtiM  tiWrmoracter,  and  to  so  adjust  the  amount  tliat  the  top  of  tlie  col- 
^M  nmn  will  cume  to  rpst  ut  any  dpsirud  point  on  the  scale,  when  the 
^^  iiiiitrumcnt  is  placi'd  in  the    frwtzing  solvent.     The  freezing-point  of 

tany  solvent  or  solution  can,  then,  be  adju&ted  at  any  desired  paii- 
tion  on  tlie  scale,  aud  tlm  dttference  between  the  fceeziug-poinis  of 
the  solvent  and  aolutiou  determined.  This  difTeienttal  themiouteter 
of  Ueckmanii  ha^  proved  of  incalculable  serrice  to  physical  chemis- 
try, aud  has  coDlribut^-d  more  to  our  knowledge,  iu  the  fiehl  which 
we  are  now  studying,  than  any  invention  or  devioe  whii-h  ha»  ever 
been  proposed.  The  Beckmaiiu  thernioniclio'  plays  a  r61e  iu  phyiiical 
chnmifttry  whit^h  niiiy  Iw  emnpared  with  that  of  tlie  p(>ta»h  bulbs  of 
Li«l)i>,'  in  organil^  ehcinivtry. 

Hetbod  employed  by  Beckmann.  — Tliv  methutl  of  working  with 

iJHm  IWcktminn  apiKtnaua  is  v«ty  simple.     If  wo  arc  dealing  with 

aeous  sohitiiiiis,  enuiigh  water  is  introduced  into  tbc  vessel  A  to 

cover  the  bulb  of  the  thermometer.     The  fieeiing-point  of  the  water 

doterinined  on  the  scale  of  the  thermometer,  and  then  redet«]v 

The  two  readingg  should  not  differ  more  tlian  a  very  few 

thousandths  of  a  degree.     When  the  water  is  being  cooled  down  in 

I  the  vessel,  it  does  not  freeze  as  qnirkly  as  it  reaches  the  z«ro  point, 
but  iiDdercoots,  sometimes  as  idiicIi  aa  two  or  three  degrees,  before 
the  ice  hegius  to  separate.     lee  will  then  separate  until  heat  enough 
is  liberated  to  warm  the  remaining  watt^r  up  tu  the  fieering tempera- 
ture.   After  the  freezing-point  of  the  water  haa  been  accurately  de- 
termined on  the  thermonieter,  —  and  this  must  always  be  done  just 
before  the  freezing-]Kiint  of  the  solution  is  determined,  —  we  then  pro 
ceed  to  determine  the  freezing-point  of  the  solution.    The  solution 
^^  can  be  prepared  in  eitlter  of  two  ways.     The  water  in  the  freezing- 
^H  vessel  can  be  wetgheil  anil  Uieu  a  weighed  amount  of  the  substance 
introiluatd ;  or  the  mihirion  can  lie  pn-jtared  in  a  nieaMiring  flask, 
using  some  of  Iht-  »aine  wiiter  whom!  freezing-iHiinl  has  Juat  been  de- 
termined.   The  mnthod  chotien  for  preparlni;  the  solution  depends 
the  amount  of  substance  available,  thi*  solubility  of  the  sub- 
ee,  ooncentrntiou  of  solution  desired,  vU: 

Having  preimiMl  tho  solution,  its  freezing-pf>ini  must  now  bo  de- 
terminod.  Wo  proceed  in  ciaetly  the  same  manner  in  determining 
tlie  fnteziug-point  of  a  solution,  as  in  the  ease  of  a  pure  solvent. 
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Duplicate  determinations  ahould  differ  only  slightly  from  each 
other.  The  difference  between  the  freezing-point  of  the  Eolvent  and 
that  of  the  solution  is  the  lowering  of  the  freezing-point  of  the  for- 
mer produced  by  the  dissolved  substance. 

Th«  Separatioii  of  Ice  concentrate!  the  Solution.  —  When  a  pure 
solvent  freezes,  enough  solid  separates  to  warm  the  remaining  liquid 
up  to  its  freezing-point.  The  amount  of  solid  formed  depends, 
evidently,  upon  the  amount  of  the  undercooling  and  the  heat  of 
solidification  of  the  solvent,  which  is  obviously  equal  to  its  heat  of 
fusion.  In  the  case  of  a  pure  solvent  there  is  no  correction  to  be 
introduced  for  the  separation  of  the  solid  phase,  since  the  reminder 
of  the  liquid  is  tinchanged. 

^Mien  a  solution  freezes,  the  case  is  quite  different.  The  pure 
solid  separates  from  a  solution  as  from  the  solvent  alone.  Since 
none  of  the  dissolved  substance  separates,  the  solution  liecomes  more 
concentrated,  due  to  the  freezing  out  of  some  of  the  solvent.  Since 
the  solution  whose  freezing-point  is  determined  is  more  concentrated 
than  that  with  which  we  started,  some  correction  must  be  introduced 
t6r  this  increase  in  the  concentration.  The  correction  can  be  calcu- 
lated very  simply,  as  Jones'  has  pointed  out.  Let  u  be  the  under- 
cooling of  the  solution  in  degrees,  s  the  specific  heat  of  the  liquid, 
and  I  the  latent  heat  of  fusion  of  unit  weight  of  the  solvent, 

-J—  f,  where  /  is  the  amount  by  which  the  solution  will  be  concen- 
trated, due  to  the  separation  of  ice. 

Determination  of  Moleonlar  Weights  by  the  Freetiii^-pouit 
Method. — One  of  the  most  important  applications  of  the  freezing- 
point  method  is  the  determination  of  the  molecular  weights  of  sub- 
stances in  solution  in  different  solvents.  A  great  number  of  such 
determinations  have  been  made,  and  much  light  thrown  on  the 
nature  of  dissolved  substances  in  general.  The  method  used  is 
generally  that  described  by  Becknianu  and  which  has  just  been  con- 
sidered. Knowing  the  weight  of  the  solvent,  the  weight  of  the  dift- 
solval  substance,  the  lowering  of  the  freezing-point  produced,  and 
the  freezing-point  constant  of  the  solvent,  it  is  quite  simple  to  cal- 
culate the  molecular  weight  of  the  dissolved  substance.  If  3f  is  the 
unliiiown  molecular  weight,  W  the  weight  of  the  solvent,  ro  that  of 
the  substance,  <l  the  lowering  of  the  freezing-point  observed,  and  C 
the  constant  for  the  solvent,  we  have  — 

■  ZtKhr.  phss.  Chem.  19,  S24  (1808). 
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A  votA  ill  K>ferenoc  to  the  freexiiie-point  constant  of  a  solveut. 
Wheu  It  t;raiii- molecular  wei[;lit  of  a  completely  anclissociated  nub- 
^  Stance  is  <It!is<>lvtHl  iu  1(X>0  giams  of  water,  the  freeung-ixiint  of  the 
^fe  water  i»  lowereil  I°.SG.  This  value  is  known  as  the  molecular  lower- 
^■tag  of  wati-r.  Wlicii  the  molecular  lowering  is  multiptied  hy  10,  we 
^BilPra  tl>e  valui.^  uf  tlie  frveztiiK'lioiiit  constant  ^ven  below  for  «  few 
^■«f  tl)C  more  c^ninon  solvrnt^:  — 


Acetic  aoid        >    . 

Buuene 

Rthf  IcDa  brnnildn . 


as.o 

fi0.0 

It;.  II 


FormtG  Mid. 
Kiirubciuwno 
Water  . 


87.T 
T0.7 


some 
^krefen 
■jttuoe 

'  the  a; 
^H  uolec 
P«u»e 


For  details  in  cooDection  with  the  upplivntioii  of  llie  fvevzing- point 
inethoU  Uj  the  proUem  of  molecular  weight  di^tfrinin.-uions  and  for 
some  of  till'  result*  which  have  bcvn  obtained,  linrLlly  nmrc  tlinii 
reference  can  be  made  to  other  works'  which  deal  ospf«ially  with 
phased  of  our  subject     It  should,  however,  ho  stated  here,  thab 

molecular  weights  of  non-el cctrolytes  in  water  usually  come  out 
the  simplest  possible,  showing  thnt  there  is  no  aggregation  of  the 
uolecutat  in  such  aolntiona.  Such  moU'cuIar  weights  corre8|>ond  to 
found  in  the  state  of  vapor,  by  the  vapor-deusily  methods.  It 
must  not  lie  conelutled  that  the  molecular  weights  in  atiueutu  solu- 
tions are  alivay;i  the  same  an  in  the  state  of  vajior,  nor  that  the 
molecular  weights  in  solution  in  water  are  always  tlie  siinplest  po»* 
sihle,  since  iIiitk  are  many  exci![)tions  to  liotli  of  tlu-se  cuiiclusioiLt. 
Other  cumiiion  »oIvciil«  which  do  uot  favor  the  fonnaitoH  of  muleo* 
ular  eoRiplexes  arc  formic  and  aectio  acids,  phenol,  aniline,  etc.; 
while  association  frequently  tak«4  place  in  IjeiiKewe,  nitrobenzene, 
sthylt^e  broiniili',  and  the  like. 

Brroneotu  Conclusion  from  Freenng-point  Determinations.  — One 
error  has  so  ot'teu  arisen  in  connection  with  the  det'-niiiiiiitiou  of 
molecular  weights  in  solution,  that  attention  must  be  (^lled  to  it  in 
this  connection.  The  freezing-point  method  gives  us,  as  we  believe, 
the  molecular  weight  of  the  subsUncc  in  solution,  and  in  solution  in 
ib«  particular  solvent  iu  question.     I'Tom  such  results  conclusion* 

■  A  itniAll  latmrtUiry  gnid*  on  Frrrtfng-pntiil,  Boltlng-prilHt,  aiul  Oadsc- 
.VrJAntlf   liiM  Wen   {irKpftrvd  bj  II.  C  Jrairs.    A  murli  mom  elaburaM 
[  i>  llial  of  ».  Bilti  inuuilatMl  by  Jomm  and  Kinji:  PnKllMt  H'lhodt  for 
TiHemininy  Mol-culnr  [I'tighU  <Cbeni.  Pob.  Co.}.     Snn  alio  Tnabr's  Fkif**- 
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are  often  drawn  as  to  the  molectilar  n-eight  of  the  pure,  homogeoeoi 
substance.     Inilei?*!.  iitteinpts  have  been  luadu  to  show  that  certaiu 
iiiomeric  and  polymeric  aubstancea  have  the  aaiae  molecular  weights, 
heuiutte,  when  dUsoived  iu  some  solreut,  they  show  the  same  uoleo- 
ular  wtifthl. 

This  i*,  of  course,  all  entirety  unjti.ttified.  We  tlo  not  know  the 
connetTtioii  Ix-tween  tli«  inoluutilur  wei)i[ht  of  a  KuWt^inoo  in  solution 
and  Its  iuolct;(dar  wuiitlil  iu  tint  pun-  state,  and  until  »iich  a  I'elatioa 
has  been  di»(^uvuii-d,  wi^  nin.tt  always  bear  in  niind  that  the  freezing- 
point  nmthod  ijiv^s  ok  only  th<?  inulectilar  weight  of  tin;  siibsUtliM  in  ' 
thn  ]ircsi^nc('  of  iht-  solvi-nt  with  which  we  iiw  workinji. 

IHsiociatioii  0*  measured  by  the  Freezing-point  Method.  —  The 
stHiond  iin|n'i-|;uit  apiiliralion  of  lh<-  frec/ing-jwint  mrthod  to  pbysl- 
eal  chemical  prublcms  will  now  hv  takun  up.     The  lowering  of  the 
freexing-point  of  water  produced  by  elpctrolytea  is  always  greater 
than  that  produced  by  non-vloetrolytes  of  tho  hkidu  gram- molecular 
concentration.    This  is  explained,  as  we  Iuivq  seen,  by  assuming 
that  a  larger  or  smaller  part  of  the  molecules  are  dissociated  into  I 
ions,  the  number  depending  upon  the  concentration  of  the  solution 
and  the  nntni'e  of  the  disoolvcd  subfitjincc.     It  is  obviously  impos* 
sihle  to  determine    the   molecular   weights  of  such  subKtances  in  i 
Bolutjon.  since  the  value  found  would,  for  any  given  substance,  be  I 
dependent  upon  the  concentration  of  the  sohitioit,  and  at  all  con- 
centrat ions  would  be  smaller  thau  the  smallest  possible  molenular, 
weight  of  the  substance  in  question. 

To  compounds  which  are  dissociated  in  Roliition  the  freezing- J 
point  metliod  is  applied  for  the  pnrjRutc  of  nieaitnrini;  Ihe  amount 
of  the  dissociation.    This  is  niaile  pot<»ible  by  the  fact  tltal  an  ion 
and  a  molt«iile  lover  the  freezing-point  to  tJie  saine  extent.    If  iS 
miilecule  dissociates  int.o  two  ions  {and  it  cjin  never  dls.-ioiiiatc  into 
less  ttian  two),  the  frt'>-zing-j«>int  lowering  will  In-  double  tliat  pro- 
duced by  an  undi.wimialt'd  substance;  if  into  three  ions,  the  lowering] 
will  be  three  tiiuiut  m  great;  and  so  on.    The  mi'lhod  of  calculating] 
dissociation  is  obvious  froni  the  above  statements.     If  the  molecular  j 
lowering  is  divided  by  the  constant  f<)r  the  solvent,  wc  obtain 
coefficient  i.    The  dissociation  a  for  binary  electrolytes  is  obtained 
from  the  expression, — 

«  =  f-l. 

If  the  electrolyte  is  ternary,  the  molecules  breaking  down  into^ 
three  ions  eacli,  we  Imve  — 
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ftnd  the  same  principle  hoIiLs  for  (-Iratrolytes  wliioh  yield  a  Iiirgor 
number  of  ioii<i.  It  ia  thu«  poHnible  to  delerniitie  tli«  amuuiit  uf  the 
di»80clation  of  any  electrolyte  iu  water,  up  to  dilutioiiit  of  ray  ^^ 

_  iiormal- 

■  In  order  that  sucli  deteriiiinatiunft  nkay  have  any  scientific  value, 
tlii>y  must  ln!  iimdt!  witli  a  very  coiinidei-ablv  degrt'c  of  accuracy. 
Tilt!  iiiRtliod  duvimnl  by  Itt-ckiiiiiini  for  inolucular  weight  doteriniaa* 
tiouM  ia  far  too  enide  for  work  of  thia  kind.  We  Mhall  pxamiue  some 
of  till'  jtwry  rcfirn-d  im^tlimls  for  dcl^rinitiin);  frw^ing-pointa. 

More  Accurate  Methods  of  meaiuring  Freezing-point*.  —  A  method 

l^^hicb  w.it  aiiparcntly  an  improvement  ou  that  of  Ueckmann  was 

^^eTised  in  1892  by  Jones.'  This  work  was  niidertakeu  at  the  aug- 
ge«taon  of  Ostwald,  in  whose  laboratory  it  was  carried  out.  At  this 
time  there  were  two  general  methods  of  measuring  dissociiition, 
which  will  be  described  in  the  proper  places,  and  these  two  gav* 
results  which  differed  very  considerably.  The  object  was  to  find 
a  third  method  of  measuring  dissociation,  to  see  with  which  of  the 
other  two  the  results  would  agree,  if  with  either.  Tlie  vf»i^el  which 
was  to  contain  llie  solution  was  enlarged  so  that  it  held  a  litre.  Tbo 
larger  volume  of  the  litjuid  would  be  less  susceptible  to  eliaugeii  ia 
vxt«nial  ti?m|>cralurr.  The  apparatus!  was  ciuiBtnitited  so  ba  to 
secuiv  a.i  uniform  omiling  as  possiltUt,  and  a  much  more  efficirnt 
Stirri^r  was  deviKi-d  and  used.  The  tliermo meter  employed  was  of 
the  lie^'kmiiiin  tyiie,  but  wa.t  alx>ut  ti-n  timi-H  tlie  size  of  the  ordinary 
Bcckmtinn  inHtrtiment.  The  si'^dt:,  whiHi  eompriiied  only  0*,((,  wru 
divided  dire^^tly  into  thousandths  of  a  dejtn-c,  so  that  with  a  lens 
it  was  possible  to  reud  the  scale  to  ten-thousandths  of  a  dvgrtHk 
With  this  apparatus  Jones  mr-asured  tliu  dissociation  of  a  number  of 
acids,  bascfl,  and  salts,  in  aipicuus  solutions  ranging  in  concentration 
from  0.1  to  O.Otil  normal ;  and  the  results  obtained  agreed  very  sat- 
isfactorily with  those  of  another  method,  which  has  sincv  beoa 
shown  to  l)e  the  most  reliable  measure  of  electrolytic  dissociation. 
The  results  obtained  by  the  third  method,  which  differed  from  those 
obtained  by  the  other  two,  have  been  shown  to  contain  an  error,  and 
when  this  was  corrected  the  three  seta  of  results  agreed  very  satis- 
factorily. 

A  number  of  improvements  in  the  freedng-point  method  have 
been  sujigested  (unce  the  itbove  method  was  proj)08ed.  Lewis* 
attempted  to  improve  the  stirring  device  and  otlker  minor  features. 


I  ZttcAr,  pliyg.  Chem.  tl,  110.  629  (18(»)  ;  12,  039  (IMS). 
» Ibid.  U.  aOo  tlSW). 
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Looiuis  *  took  spociul  prcctmitions  not  to  keep  the  f  nadn^-mixture 
too  cold,  to  ki'Cp  lii»  tbcrmomd^'^r  ut  the  saiiio  tumporaturo  day  and 
night,  and  to  stir  at  a  iiuiform  rate.  He  has  uirricd  out  %  number 
of  iuvestigations  which  represent  a  large  ;iiiioiitit  of  very  CArefal 
work.  I'oUBot*  lias  alsodonc  much  work  on  tlie  problem  of  frcezing- 
ix)iut  lowarings,  but  his  ifsults  arc  so  very  peculiar  that  it  is  impoa- 
Hible  to  pass  judgment  upon  tb?m.  >'6rnst  and  Abegg*  have  mad«; 
very  valuable  contributions  t«  our  knowledge  of  freezing-point  lowi 
ings,  calling  attention  eapeeially  to  the  necessity  in  many  cases 
keepiug  the  temperature  of  the  freezing-bath  only  a  little  below  tbAl 
of  the  fieezing-ywiiit  of  the  liquid.  Tliey  abio  showed  the  necessity 
of  correolinR,  in  tvrlaiii  cases,  for  the  heat  liberated  in  stirring,  for 
the  rale  of  cooling,  etc. 

Thi*  most  accurate  work,  however,  which  lia«  ever  been  done  on 
freewns- point"  "E  solvents  and  mihuions  si-i-ms  to  he  the  rect-nt 
irivesl.i^tions  of  Ra'nilt,' —  llie  father  of  all  cryiwcopic  work.  This 
has  pnivc^d  to  lie  hi.t  la^t  im]iorUnl  coiitritiution  to  science,  Raoult 
having  just  di«d  in  (irenoble,  France,  where  all  his  earlier  cryasco{Hfl 
wurk  wns  done.  Hin  last  work  wa-s  ihiix  a  heautiful  investigation 
along  the  s»me  lines  which  brought  liini  inUi  pniniincuce  many  yr-um 
ago.  Tills  investigation  will  stand  as  a  crowning  glory  to  n  tif*' 
devoted  with  unusual  zeal  t'l  th'>  cause  of  pun-  si'ii'iii'c. 

Abnormal  Freeiing-point  Lowerings  produced  by  Some  Electro- 
lyte* in  Conoentrated  Solutions.  —  The  results  ohtained  for  the  dis- 
sociation of  electrolytes  in  wat«r  show  that  the  dissociation  in- 
creaaes  with  the  dilution,  from  the  most  conccntTatvd  Rolutions 
investigated  up  to  a  dilution  of  about  y^g^  normal,  where  it 
becomes  complete.  We  should  expect  from  thcso  rcsuU«,  and  also 
from  those  obtained  by  other  methods,  that  the  dissociation  would 
continue  to  decrease  with  increase  in  conc^ntratidii,  however  fat  the 
concentration  might  be  carried.  Such  has  recently  been  shown  not 
to  be  the  case. 

.Tones  and  Ota,'  in  their  work  on  the  nature  of  solutions  of  double 
chloride!*,  obtained  irregular  resiilU  in  concentrated  solutions  by  the 
freexing-point  method. 

Jones  and  Knight,'  in  their  work  on  double  chlorides  and 
mtdes,  found  tlwt  tin;  muh'nular  lowering  incn^Lsed  with  the  oodocd.' 
tration  from  &  certain  point,  and  Uicn  incrvaaml  again  (rom   tlilt 

'  WUd.  Ann.  61,  600 :  IT.  41*6  ;  M.  S2.1  (1BM-Ie97). 

*  Ann.  Ckim.  I'hyt.  (TJ,  10.  7fl  (ISOT). 

•ZttcAr.  phyt.  C/Wm.  18.  tlSl  (IMU).  '  K-i-l  Vt.  «1T  (I«»). 

*■  Atarr.  CArm.  Jovrn.  SS,  (,  (1890).  *  Atif.  M.  110  (IBW). 
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Fpojnt  wiUi  the  dilution,  as  would  bo  oxpcctod.  Tho  increase  in  the 
molecular  lovreriug  bpcame  vt-ry  marked  at  great  concent  rations; 
indeed,  so  pronounced  that  the  molecular  lowering  of  a  normal  solu- 
tion was  OH  great  aa,  or  greater  than,  tlie  theoretical  molecular  lower- 
ing when  all  the  salt  was  contijletely  dissociated. 

This  was  evideutly  a  remarkable  and  surprisiof;  fact,  and  obr!- 
ouslf  merited  careful  study.  Jones  and  Clianibera'  took  up  the 
subject  systtfmatically,  and  determined  the  freezing -point  luwerinj^ 
produced  by  conoenlraled  solutions  of  a  number  of  chloiidf-s  and 
bromides.  They  used  caloiuio,  bariuiu,  strontiuui,  nia^ueHium,  and 
cadmium  chlorides  and  bromides.  They  fotind  th«  incrt-iLxe  in 
molecular  lowering  with  increase  in  concentration  from  a  oerUttn 
point,  for  evf.ry  salt  exirjil  tmlniiiiia  chloride  and  bromiilt-.  Tbo 
results  obtained  witli  one-  chloride  and  bromide  will  brlnF;  nut  tlie 
point.  Column  [  gives  the  concentnitinu  in  terms  of  nonnsd;  col- 
umn If,  the  corrected  lowering  of  llie  frceziDg- point  (corrected  for 
]tci>uration  of  ice) ;  column  HI,  the  molecular  lowering. 
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It  will  be  observed  that  there  is  a  minimum  in  the  moloculiu- 
iwering  of  the  freening-point,  from  which  this  vfduu  increases  both 
ith  dilution  and  witti  concentratiotL  llic  «Kistene«  of  such  a 
inimuiu  is  shown  best  by  plotting  the  results  in  curves.  The  two 
seta  of  curves  show  the  results  which  were  obtained,  the  one  with 
chlorides,  the  othrr  with  bromides.  Cadmium  chloride  and  bromide 
show  no  oign  of  a  minimum  in  the  mnleeular  lowering.  The  results 
hich  wro  eculicT  obtained  \yy  Jones*  for  sodium  chloride  are  given 
br  the  soke  uf  comparison. 


1  Amer.  Chm.  Jovrn.  9»,  80  (IflOO). 
*  Zfehr.  pkg*.  CUtm.  II,  G29  (I8«8}. 
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copper  sulphate,  x.inc  chloride,  and  strontium  and  cadmiura  iodides. 
In  every  one  of  these  cases  they  fotind  a  more  or  less  pronounced 
Iiiimuium  in  the  molecular  lowering  of  Uie  freezing-point. 

Possible  Explanatioii.  — What  is  the  explanation  of  the  almormal 
jMbftvioi  of  the.ie  substances  ?  <Tones  and  (?hatti)>ers '  have  offered 
fc  taUbtive  sngKeslioii  to  a(y:oimt  for  these  fails,  li  will  be  ob- 
served tJint  nearly  all  of  these  substances  are  quite  hy|{roscopic. 
liide^'d,  the  work  wast  dirt^cUtd  toward  tlin  titiidy  of  roinpounds 
whic'h  have  lliis  propt-rty.  It  seemnd  to  them  thiil  the  only  expla- 
nation )K  thitt  in  conceutrutvd  Kohitions  thi-se  siibstanccs  tnko  up  a 
part  of  the  wnter,  forming  oompktx  conijKiunds  with  it,  and  thus 
roinoTing  it  from  the  field  of  action  ss  far  aa  frci'zing-jioiiit  lowering 
is  concerned,  Tho  uiiHtablc  compound  fonncd  by  the  union  of  one 
molecule  of  the  substance  with  a  large  uuinbci'  of  molecules  of  water, 
acts  as  one  molecule  in  lowering  the  fr«rziDg-point  of  the  remaining 
water.  But  the  total  water  present,  which  is  then  acting  as  solvent, 
is  diminished  by  the  amount  taken  up  by  the  substance.  The  lower- 
ing of  the  freezing-point  is  thus  abnormally  great,  because  a  part 
of  the  water  is  no  longer  present  as  solvent,  but  is  in  com l)i nation 
with  tlie  nitileciiles  of  the  dissolved  substance.  By  aBUiumi»){,  then, 
tJial  a  niiilci-iile  of  the  dissolved  substance  is  in  combination  with  a 
large  number  of  molecules  of  wat4:r,  it  is  possible  to  explain  all  of 
ilivtv  iip[>arently  almornuU  rt-jiults. 

Evidence  in  Favor  of  the  Above  Explanation.  — It  is  nnt  a  simple 
matter  to  obtain  direct  cvidenct  l>eari«g  uu  this  point,  A  bit  of 
indirect  evidence  has,  however,  been  furnished  by  working  with 
another  substance.  It  was  vigorously  maintaint-d,  csiH-inally  by 
Hendel^cEf,  that  sulphuric  acid  forDiscompounilN  with  wivtcrin  dilute 
solutions.  These  compounds  were  represented  bs  very  complex, 
containing  one  molecule  of  sulphuric  acid  and  a  largo  number  of 
molecules  of  water.  If  this  was  true,  it  was  at  variance  with  the 
tJieory  of  electrolytic  dissociation,  since  this  theory  claimed  not  only 
that  there  were  no  such  compounds  in  dilute  solutions,  but  that  the 
dissolved  substance  itself  actually  broke  down  or  dissociated  into 
[.ious. 

An  investigation  to  teat  the  correctness  of  Mendel^lTs  conclusion 
carried  out  in  the  laboratory  of  Arrhenius  in  1803,  by  Jonea.*^ 
Tlie  lowering  of  the  freezing-point  of  dry  acetic  acid  by  water  alotic 
WW  determined ;  Uicn,  the  lowering  of  the  freeiing-point  of  acetic 


•  Amtr.  fUrn.  Journ.  M.  103  (IWMl). 

*  OtrJir.ffliift.  t'Vm.  tX,  419  (IlilHJ  ;  Amer.  CJUm.  JiKtra.  18,  I  (18H). 
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add  bf  sulphuric  ftcid ;  and,  finallj',  th«  lowering  of  the  fi«ezitig- 
point  of  acetic  acid  by  water  and  sulphuric  acid  together.  The 
result  was  to  show  thai  there  is  not  the  slightest  pvidonce  in  fas'or 
of  Mendel^efTti  tlieory  of  the  existence  of  rery  complex  bydratea  tn 
dilute  RolutioiiK.  Hut  it  also  showed  that  there  are  undoubtedly 
cotiipoiinilft  riiniied  in  itolutioti  between  the  a^id  and  water,  bav- 
ing till!  vonipoKitJon  H,SO, ■  H/!)  and  H^O,  •  2  H,0.  When  thesuount 
of  water  prrst-iit  wus  uIhiiiI  thirty  times  that  of  the  siilplitiric  aetd, 
no  coiopnunils  having  gn-iUer  complexity  were  forine<l,  as  was  shown 
by  the  froexiiig-point  hiwcring  of  Uu:  jw^H.in  add. 

If  sulpliiiric  acid  can  combine  with  water  in  concenti-ated  solu> 
tions,  forming  uoiniiounds  like  tJic  above,  why  may  not  other  hygro- 
acopic  substaiict's  hav«  the  same  power?  This  line  vf  evidence  ia, 
of  course,  no  pruof  of  our  theory,  but  it  shows  thnt  lln-rc  arc  atialn- 
gous  cases  known,  and  has  tho  same  weight  as  otiier  Iinc«  of  n:u»on- 
ing  based  upon  analogy. 

Wh;it«vor  the  explanation  may  be,  the  facta  have  been  esl^> 
lished  beyond  question,  and  we  now  know  that  molecular  lowering 
of  the  freezing-point  docs  not  always  increase  with  the  dilution,  bnt 
may  also,  in  some  cases,  increase  with  the  concentration. 

Freexing  points  of  Amalgami. — The  lowering  of  the  frcrring- 
point  of  iiifi-cury,  produced  by  dissolved  nn-tid.-;,  lia«  been  studied 
by  TanniianM.'  The  value  of  the  constant  for  incrcuiy,  as  calcuIaUKl 
by  a  method  which  will  soon  te  discussed,  was  found  to  l»e  425. 
Tammann  worked  with  solutions  of  potagstntn,  «odiiiin,  thalUnm, 
xinc,  and  bismuth,  in  mercury,  and  determined  tJip  moleetilar  weights 
of  the  dissolved  metals.  The  tnolecular  weights  calculated  inm 
his  results  are  a»  follows :  — 


JloLacm.**  Wiioim 

Akimu  Wtiuon 

se-6S 

an 

21-35 

il 

ni-a-zi 

■tin      M 

Zinc 

62-00 

«&     ^ 

These  results  show  that  tlie  molecular  weights  of  metals  di.ssolrpd 

in   mercury    are   practically   identical    with   their  atomic    weights. 

The  molecule  of  tlie  metals  in  such  solutions  contains  one  atom. 

Tammann  also  extended  hia  work  to  solutions  of  metals  in 


>  Ztiehr.  phj/*.  Chfm.  a,  441  (1880). 
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sodium,  and  studied  the  fi«(!»ng<poinl8  of  Buch  alloys.  Solutions 
of  mi-lals  in  soiUuin  liiivi*  uIsh  Injoh  iiivi^sti^ttd  by  Ilcjvock  and 
Neville'  Tlipy  found  tliat  the  law  uf  Rtumlt  applies  to  such  solu- 
tions. Oht)  atom  of  n  na-tal,  dixKiilvcd  in  one  hiindrrd  atoms  of 
Bodium,  produced  a  ctonstaut  liiwcring  of  th<.-  fi-rf:'ziiig-poiut,  almost 
regardle«s  of  the  natura  of  tliv  dissolved  metal.  Similar  vestdtit 
were  obtained  with  tin  us  a  solvent,  llie  law  of  llaoult  applied 
here,  the  atomic  lowering  being  a  conetant  exc«pt  io  a  few  cases 
as  with  aluminium,  whoru  th«  atomic  lowering  is  much  smaller  than 
with  other  metals. 

Xntectic  Alloys.  —  [f  wc  melt  together  any  two  metats  which  can 
dissolve  one  another,  and  allow  the  mixtnro  to  eool.  we  have  an 
alloy.  The  freezing-points  of  such  alloys  are  usually  lower  than 
tlioae  of  the  constituents,  and  a  number  of  cases  are  known  where 
the  alloy  freezes  nuicli  lower  than  the  lowest  freezing  coustiluent 
(e.if.  ^Voo^^s  metal.  Itose's  metal,  etc.).  The  free/iiig-poiul  of  an 
alloy  of  any  two  metals  depends  upon  the  composition,  i.f.  the 
amount  of  each  nieta]  present.  Une  particular  alloy  baa  some  spe- 
cial  intcri'^l,  and  has  been  given  a  delinit«  name,  which  will  bo 
frfcjucuily  ciiciiiiiitttred.  The  lowest  freezing  alloy  in  kuowu  tts 
the  futef-lk  nlUtif,  or  is  fiequetilly  referred  to  simply  as  the  tut«ak. 

Cryohydrates-  —  Wlicn  a  dilute  sotulion  frecxi'-A,  the  pure  solvent 
separates  in  solid  form.  If  the  wUutinn  is  saliiraled  at  ordinary 
temperatures,  when  it  is  cooled  down  to  the  fn't-wns- point  it.  U-Comc* 
snpersiiturated,  and  some  of  the  dissolvtsl  siibst;inc<-  must  separate 
from  the  solution.  If  the  solution  is  just  saturated  at  the  frt-eiing- 
point,  and  all  ororeoolinj*  is  pn-vent'-d,  the  ice  and  dissolv«^d  sub- 
stance will  separate  in  the  same  proportion  in  which  they  are  present 
in  the  solution.  If  we  continue  to  fr«-eiv  such  a  Holulio:i,  the  tem- 
perature will  remain  unchanged  until  the  whole  has  solidilied.  The 
temperature  will  also  remain  unchanged  until  the  whole  is  molted 
again. 

Guthrie*  studied  such  suhstaucca,  and  termcil  them  cryohydrates. 
He  Bup)>ociMl  them  to  be  delinite  chemical  cuini)oiinds,  since  thej 
a  coolant  mel tins- point  and  constant  composition.  This  has 
shown  by  OlTor'  not  to  be  the  case,  since  the  heat  of  solution 
of  a  cryoliydrate  is  e([ual  to  the  sura  of  the  heats  of  solution  of  the 
solid  Hotvent  and  the  diitsolved  substance.  Further,  the  specific 
gravity  of  a  cryohydrate  is  the  same  as  that  calculated  by  the  law 

'  JiMim.  Clbrm.  Sar.  U.  666  (1880):  B7,  3T«  {l«JO>. 

»  Phil.  mg.  [«].  4B.  1  (18TS>;  [6],  1.  49.  and  S,  211  (18i«). 

•  RaicU  tlV«N.  Akad.  SI,  IL.  1068  (1860). 
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of  mixtures  from  the  specific  gravities  of  the  conatituenta.  Since 
then>  is,  iit>itlii>r  tieat  (rhaiige  nor  volume  change  in  the  formation  of 
C)ryohyi]ra.li>9,  l)icae  caiinoi  tie  regarded  as  chemical  compounds. 

It  will  Iw  seen  at  onca  that  we  have  in  these  cryoliydrates  an 
admirable  mi^nns  of  mainiaitiing  a  coiiiitant,  low  temperature.  It  is 
only  necessary  tn  h;ive  s<»uc  of  the  liijuid  cryohydrale  in  the  pres- 
vnce  of  the  solid  to  SMuru  uniform  teuij>t:raliire. 

It  is  obvious  Uint  there  \i  ati  nuaJogy  Iwlween  a  cryohydrate  aud 
a  OuUvtic  iilloy.  A  cutiHitic  ia  Ute  luwfst  frecj.inK-mixttiie  of  two 
in«tal8i  a  cryohydrute  is  the  lowest  fi-eeziiig-wixture  of  two  aul:- 
stancos, 

B«lation  between  Freezin^-poiDt  Lowering  and  Ounotio  Presiure. 
—  A  very  close  reliilion  has  been  estHblishi-d  Ijciwi^eu  lUe  |K>wi*r  of 
the  dissolved  substance  to  exert  osmotic  pressure  atid  to  lower  the 
freezing-point  of  the  solvent.  That  such  a  relation  eKialD  haa  be«n 
shown  both  experimeutally  and  theoretically. 

J)e  Vries,  as  we  have  seen,  measured  the  relative  osmotic  pTC«»- 
urcs  of  solutions  of  ditfei-ent  auhalances.  and  detei-mined  the  concen- 
trations which  were  isosnmtic.  If  these  concentrations  are  expressed 
in  molecular  quanlilies,  their  reciprocal  values  are  Itnowu  as  isotonic 
coefflcients,  as  has  already  been  stated.  These  eoi-flieieiita  for  a 
number  of  sut>stauces,  as  compared  with  the  molecular  loweriugg 
of  the  freezing- [joint,  are  given  in  the  foUowtn|[  table,  which  is 
taken  from  the  work  of  De  Vriea:'  — 


Fdb*t*5C» 

I«oToiiir  Coicmcrum 

■laTIPllHD  D1   IM 

Houcci-ta  Lovtam*  «* 

riMB  at  m 

C«H„0, 

CnH^O,, 

MkSO 

KNOi 

Una 

K,SO, 

CaCla 

lei 

lltO 
306 

1S6 
103 

»1H)                ■ 
4M              ~ 

The  agreement  Itetween  the  two  seta  of  valtiea  is  as  dose  aa  oould 
be  expected,  when  we  consider  that  tliese  results  were  obtained  «t 
different  temperatinvs  and  cuncentralions.  There  i%  then,  undoubt- 
edly a  proporltonality  between  osmotic  preasui'e  and  lowering  of 


'  ZtiKhr. phji*.  Chm.  y  m  (ISSa). 
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fre«ziDg-poiDt,  so  that  soluliona  of  equal  osmetic  pre^nn  have  alto 
the  Mme  freeting-poiHt. 

Demonitration  of  the  Bclation  between  Lowering  of  Freezin;- 
point  and  Oemotio  PreBsore.  —  The  relation  betwoin  nhnuitiL-  preHsure 
and  lowering  of  freeiing- point  was  first  deduced,  thtTiaodyuaniic^lly, 
by  Van't  Hoff,'  in  hU  epoch-making  paper  to  which  referent*  has 
b«eii  msvle  re)>eatedl}'.  He  showed  Uiat  solutions  In  the  same  solv- 
ent, haviii([  Uie  same  freezing-jiojnt,  are  isotoDic.  AjipK-in^;  lhi«  to 
dilute  solutions,  lie  wait  led  to  tlie  conclusion  dial  nohUinna  which 
OOiilaiii  the  same  tiumlwr  of  molecules  in  tlie  Name  volume:,  and, 
therefore,  from  AvogaOro's  law  oie  isotonic,  have  nha  t\ut  same 
freRxiiijj-point.  This  was  discovt-rt^d  ex  perimvn  tally  Viy  Raotilt,  and 
pladi'te  the  expre.wioii,  "  normal  niolitiular  low<;rin(t  of  the  freeiing- 
polDt-"  This  mrans  the  lowvrini;  in  di-grees,  prodiici-d  by  a  gram- 
molecular  weight  of  th«  substuica  in  100  (oi  lOUO)  grams  of  th« 
solvent.  Th«  normal  moU-cn1ar  lowering  of  thv  fri-pxing-poiot, 
whicli  wi'  will  u-nn  the  frt*ezing-point  constant  for  the  solvent,  Van't 
Uoff  then  derived  from  the  Ute^t  heat  of  fusion  of  the  solvent. 

This  deduction  has  been  worked  out  more  fully  by  Ostwald,*  and 
it  will  be  given  here  essentially  in  the  form  proiwscd  by  him,  with 
some  modifications*  which  seem  to  make  the  several  steps  a  little 
clearer. 

The  solntion  with  which  we  shall  deal  eontaina  n  molecules  of 
inibstanc<w  dissolved  in  A'  molecules  of  solvent,  the  lowering  of  the 
freezing-point  l«ing  A.  If  if  is  the  molecular  weight  of  the  dissolved 
aubstancc,  S  the  specific  lowering  of  the  frceiing-point,  and  C  the 
freezing-puint  constant,  the  formula  of  Baoult  is  — 

C 
S' 

The  specific  lowering,  however,  is  equal  to  the  observed  lowering  A, 
divided  by  the  perceutagv  concentration 71 ;  5=—- 

But  K  =  ^'  And  substituting  p  =  nM  in  the  last  eqaatioD,  it 

becomes  M&  =  CMn, 

or,  &  B  C^  <1) 

i  Zttthr  lAft.  €h*m.  1,  «]  (IMT).    Sclentlflfl  Mrmo)ni  Scrii«.  IV,  SOL 
*  LtJ>rb.  d.  AUg.  Chrm-  1,  TU.  ■  JonM  i  FhH.  Mag.  3«,  403  (latt). 
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The  solvent  freezes  at  tlie  t«iiii>eriittire  T,  and  we  allow  u  much 
of  the  solvent  to  solidify  as  would  coiitaiit  one  molecule  of  the 

_V 
dissolved  substance,  f.i-.  —  uioleculea. 

n 

If  the  latent  heat  of  fnsion  of  tlie  solvent  is  X,  the  hf»t  set  free 
in  this  proc«SB  wmild  l>c  — A. 

Thi-  i<W  vrhic-li  ha«  sc]iarat«il  is  fused  hy  wanuiii|i  to  the  temper- 
atnre  T,  and  the  liquid  aIl«w<Mi  to  mix  willi  thp  .-sulntion  by  passing 
thrwiKh  a  srmi-pvnnr-ablc  niFmliranp.  An  uKiiiut.iu  preii.iui-e  will  be 
exerted,  which  wo  will  call  p.  If  the  volume  of  the  sohitiuu  is  v,  the 
work  done  is  pv. 

Since  the  heat  liberated  is  —  X,  v«  have  — 


or. 


pvn  _  A 

1?X~  r' 


Since  pv  =  RT,  and  fi  =  2  enluries, 


n  27^ 


100 


Substituting  y=— --,  where  M  is  the  molecular  weight  of  the  soIt- 
ent,  we  have — 

100   X  *■  ■' 


From  wtuationa  (1)  and  (2), 


100   X 


Bepresenting  the  heat  of  fusion  of  one  grain  of  tlw  siilvcnt  by  L, 
we  ha?eX  =  i..>f,  and  substituting  this  in  the  last  i^juation,  we  have  — 


C  = 


2r' 
100  i" 


The<  fre^ing-point  constant  of  a  solvent  is  thus  calculated  from 
the  absolute  temperature  at  which  the  solvent  freezes,  and  the  latent 
heat  of  fusion  of  the  solvent 

Prom  this  equation  Van't  Hoff  calculated  the  value  of  the 
freedng-point  constant  for  a  number  of  solvents,  and  compared  the 
calculated  values  with  those  found  cxpcrimentaUy. 
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6atten 

OoNnjin  CdOccLia* 

CAcntairT  Fai'XD 

Acetic  acid      .... 
formic  acid      .... 
KitrotwuMDO  .... 

18.7 

se.8 

28.4 

!&« 

88.0 
27.7 
10.7 

It  it!  obviouit  ttiat  the  calculated  *  valine  tt^rec  Aatisfactttrily  witli 
tliftsi'  foiiiiil  by  oxiAerimeut,  aiid  tbi.i  coiifiriii!!  the  rone  I  union  n-nuliod 
(!X[)<-rimc[iLully,  that  osmotic  presKurv  untl  rri;i:£iii)^jM>iiil  lovrcriiig 
are  proportional. 

Meuarement  of  Otmotio  FreMun  liy  the  ?r«ediig-poiiit  Method. 
—  VW-  li^vf  sci.'ii  th.Kt  tin;  (liri'i.it  iin'tisUR'mriii,  of  osiiiotiv  |.irc8»urc  is 
an  exceedingly  diflicult  uixiratioit.  Indeed,  so  difficult  th&t  it  has  beon 
att«i»pt«t(l  by  only  a  vi:iy  few  ex ptTim enters.  Aftor  it  was  shown 
that  there  is  direct  proi>ortiouality  between  freciing-point  lowering 
and  osmotic  pressure,  the  Dieasurenient  of  the  latter  beefuue  rela- 
tively a  simple  matter.  It  was  only  necessary  to  determine  the 
frcejiing-paiDt  lowering  piwluced  by  the  dissolved  substance,  in 
order  to  ealciilate  the  ociiiiotic  pressure  of  the  soUition  in  question. 
A  Dornial  solution  of  a  completely  undbsociatfid  substance  eserts  an 
osmotic  pressure  of  22  ntinoitptierea.  Such  a  solution  freezes  V^& 
lowet  titan  pure  water.  A  lowering  of  the  freeang-point  of  1*.86 
eorresponds,  ihei],  to  lui  osmotic  preiuture  of  22  atmospheres.  Tlie 
osmotic  pressure   of  any  aqii«ou3   solution   ia  oht^ned  from  the 

22 
freezing-point  lowering  A,  by  multiplying  by  j^. 

22 

Osmotic  pressure  in  atmospheres  =  A  x  ^SaZ' 

The  frwozing-point  method,  on  account  of  the  ease  with  which  it 
can  b"!  carriwl  o»U.  furnishes  the  best  intsiiis  of  measuring  thf  osmotic 
pressure  of  solutions  iu  solvents  which  frcvic  near  the  ordinary 
teui)>eratur«. 

The  fTeeang-potnt  method  has.  indeed,  throe  distinct  applica- 
tions :  The  determination  of  l.lie  nioli-culiir  weights  of  non-electro- 
lytes iu  solution ;  tlie  moasiirement  of  the  electrolytic  dissociation 
|jOf  electrolytes ;  and  the  measurement  of  the  osmotic  pressure  of 
electrolj-tes  and  non-clectrolytcs.     Each  of  Uiese  applications 

>  The  coiiMAnu  fur  a  lurm  nulnb(^T  of  solretiU  ai«  slvon  by  Bltu,  In  Ptae- 
tifJil  ^clhoJx  /or  DftmUniat;  M-drmlar  Weights,  p.  104.  From  Ui«m  the 
latent  bcnU  of  [uxlon  ara  calctilsiod  by  th«  Van't  Ilofl  equaljon. 
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has  been  discusded  at  sufficieDt  length,  and  we  nov  pass  to  apothur 
property  of  aulutioDa. 

LOWKKI.\(J  OF  THE  VAI-OR-TENSIOS  OF  SOLVENTS  IIV  DIS- 
SOLVED SUliSTANCES  (RISE  IN   BOILING-POIXT) 

Earlier  Work.  —  Every  solvent  Iiaa,  und«r  a  Ki*'^''  pressure,  a 
definite  temperatm-e  at  whiclt  it  Ereev-ua.  So,  alito,  every  solvi-nl,  at 
a  given  tein|N!ralure,  haa  a  ditliiiite  vujiur-))re.-iaiire.  We  have  He«ii 
that  th»  presencv  uf  a  fnreig'ii  mili.ttaiii.'e  in  solution  luwirrs  iha 
frcexiuft-point.  Wc  slmll  nuw  Wath  that  the  preseucnf  of  a  iliwolved 
fluhstaiioo  lowers  the  vapor-tensiun  of  th«  solvent,  UTilee^  tlie  <li»- 
•olvod  HiilMtanco  lius  ittwif,  utiilcr  thu  oonditionu,  lui  appri-clable 
vapor  U-iisioQ. 

The  nicra  qualitative  fact  was  early  observed,  and  quantitative 
measurvmontii  wore  made  rarly  itt  the  century  by  Faraday  and 
others.  The  first  to  arrivv  aX  any  generalization  of  importance  in 
tliis  lield  was  Wullner.'  He  studied  especially  atjuoous  solutiona  of 
salts,  and  compared  directly  the  vapor-tensions  of  the  solutions  with 
those  of  pure  water  at  the  same  temperature.  He  found  that  the 
huiering  of  Ihf  vafior-tcimon  of  uiattr  by  non-voltttile,  disaotved  *«&• 
alancea  i»  proportional  to  the  amount  of  gubatance  prraent.  This  is 
evidently  analogous  to  the  lavf  of  Ulagden  (or  freezing-point  lower- 
ing, and,  sa  we  shall  see,  like  the  latter  is  only  an  approximation 
which  holds  in  certain  cases. 

About  a  quarter  of  a  century  later  Taminanu*  atiidied  more 
o&refully  the  vapor-presatire  of  aqvieoua  flolutiona  of  salts.  Tie  found 
that  the  molecular  loweriiiijs  of  the  va|ior-pressurti,  pru<lucod  by 
isall.i  which  were  of  similar  composition,  woro  vciy  nearly  the  sane. 
He  also  pointed  out  that  tlie  law  of  Willlncr  ia  only  an  approximation, 
the  depression  of  thn  vapor-tension  increasing  in  some  vases  more 
rapidly,  in  othei-s  leas  rajiiilly  than  the  concentration. 

The  expttriiiieiits  of  Emilen*  were  made  with  the  best  apparatus 
whicli  had  bern  usrd  up  to  that  time.  He  confirmed  a  relation  which 
had  been  early  pointed  out  by  Von  Babo,  that  the  relation  between 
the  vapor-prrtssure  of  the  solution  and  the  solvent  is  independent  of 
the  temperature,  at  least  from  20"  to  'JH". 

While  the  work  of  Walker*  really  belongs  to  a  later  period  than 


1  Pana.  Ann.  !M,  620  (IflftS)  ;  105,  85  (1M8)  ;  110.  «M  (1860). 
I  WUd.  Ann.  M.  &!»  (I(<8S).  ■  Ibid.  81,  14G  (1867). 
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of  Raoiilt,  wliich  wrill  he  tolceii  up  next,  it  seems  best  to  deal 
witii  it  ill  tlii»  oviiticulioii.  Wiilker  inc-iuiurtiil  tiiv  vupor-prt'ssuri*  of 
salt  soliilionti  iit  low  tt!iii})nraliti'i^s,  using  U  very  siinptt;  uppnratus. 
It  eansisU'd  of  three  Ijielii;;  liullis  and  x  U-tiibe.  Biilbti  1  and  2  con- 
tained tht!  HdUitiuii  1(1  txi  invcstigutinl,  bulb  5  iliEtillfd  wat«r,  and 
tLe  U-lube  piiinioe  nioisltincil  with  sidphoric  itcid.  The  whole  was 
kept  at  a  eunstaut  tcnij)cralurc.  A  slow  current  of  air,  dried  over 
milpliiirii!  aiiid,  wiut  drawn  through  the  entire  systeni.  The  air,  in 
jMHsing  thiinigh  the  Kolutiun,  took  up  an  amount  of  water  corre- 
MlM>nding  to  tlio  vai)Oi'-])ru«sure  of  the  solution.  The  ttecoud  lube 
(Kintniniiig  the  solution  lost  but  little  water,  and,  therefon-,  thiH 
Rtilntion  unilcrwcut  no  appreciable  change  in  cunneiit ration.  The 
air  passed  from  the  solution  into  the  pure  water,  and  here  tuoh  tip 
more  water,  since  the  vapor-tension  of  the  solvent  was  Rn-aler  than 
that  of  the  solution.  The  air,  now  saturated  at  the  t4-ini>c  rut  tire  of 
the  experiment,  was  then  paased  over  tliti  Milphiiric  lutid,  ti)  which  it 
gave  up  practically  all  the  water  which  it  bad  tak^n  Iioth  from  tlte 
aolutioD  and  the  solvent.    Walker  states'  that  tliv  uveragfttimu  of 

experiment  was  twenty-two  bouis.     After  the  experiment  was 

led  each  lulie  was  weighed,  and  it  waa  thim  determined  how  much 
water  was  taken  up  from  the  Holutious  and  how  mucti  frouj  tlie  pure 
frolveiiL  Tlw!  ratio  of  the  loss  in  wuight  of  thr  pure  Holvcnt,  Ui  the 
gain  in  wi-i»;lit  of  the  tulw  containing  nulphiirip  acid,  gives  the  rela- 
tive lowering  iif  the  vapor- pressure.  Tlw  method  is  obvimisly  very 
Kimple  and  cjiii  be  rapidly  cjirrii;<l  out.  By  meaiis  of  it  wi?  can  rasily 
xtiidy  till'  vagtor-pri'SsiircA  of  diluto  sohttions  at  low  tcmpuruturcs. 
Thi-  rrstilts  obtaiin-il  agree  clos^-ly  with  those  of  Eniden. 

The  Work  of  Baonlt.  —  We  have  seen  that  the  work  of  Raoult 
marked  a  new  epoch  in  cryoscopic  investigations.  Wo  shall  now 
8e«  that  his  work  on  vapor-tension  threw  new  light  on  this  entire 
field,  and  is  by  far  the  most  iiniwrtant  which  has  ever  been  done  on 
thia  aubject 

The  wiriier  inveMligator*  had  chiefly  used  water  as  the  solvent^ 
and  eleetrolytes  <es|ieeially  salts)  as  the  dissolved  substances.  We 
Ml  that  thin  i^  just  the  solvent  which  produces  electrolytic 
tion,  and  the  cleotrolytT^s  the  diiU(olve<l  substauces  which 
nnder(CD  disHoeiation.  And  the  aioonnt  of  the  dissociation  depends 
ajion  the  dtlution  of  the  Kulutinn.  Under  xuoh  condition  it  was, 
then,  almost  ho{M'Iess  to  try  to  diseorer  relatioiiit  or  to  arrive  at 
any  wide-rcachiug  general  ixation. 

>  Zt*cl>r.  pAy*.  CAeu. ».  OOS  (1668}. 
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Raoiilt*  used  a  solveut  which  has  hut  little  dissociating  power, 
and  which  has  a  high  vapor-t«iisioR  at  ordinary  teiniM?rattireri,  He 
worked  with  solutions  in  vthvr.  The  substances  which  were  dis- 
solved  in  the  ether  were  orgaiiic  compounda,  which  would  not  bo 
dtsKociated  by  even  the  strongest  disaociating  solvent,  and  still  leaa 
by  «ther. 

Raoiilt  used  glass  tubes  of  1  cm.  internal  diameter,  in  which  to 
Dieasure  Uie  vaiHii-in-e.-utuie  of  solvent  and  solution,  aud  took  (p«at 
pr«Oiuiti(in«  ill  rf  Ten-iu-i^  to  keei>in);  the  whule  al  a  known,  euiisUmt 
t«in])<'rittiire.  (.'Drn-rtiung  wero  introduced  fur  the  im^reuse  in  tlit» 
concentration  of  thi*  (solution  due  to  llie  formation  ol  va^ior,  for 
capilluri^,  «tc. 

Hi-  did  must,  of  hiN  work  nt  ordinary  tein|H'ratur»i,  but  sludEtid 
till:  ffffct  of  trnijif'r'iliiiT  DO  the  vuiior-jux-smire  of  tttlierra.1  gohitioiis. 
Tins  work  covcrwl  tJie  rftiif[n  from  (1°  to  22°,  aiul  witliin  ihiii  ritiige 
the  relative  vajjor-jircssiires  of  nolulion  iind  solvwit  were  constuiit. 
This  is  shown  l)y  the  following  re»ult.s,  t  is  t4:ni[ieratiire,  /  i*  tho 
vapor-prcssuro  of  pure  «ther,  Hnd  /*  the  vapor-pr«»»iiie  of  the 
solution. 

16.462  Grahh  of  Uil  or  Tdsfektiiie  in  100  Graki  of  Ktuek 
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'  ^nn.  Cliim.  i'Aj/x.  W.  IS,  375  (1688).    Zuehr.  pbys.  Clum.  >.  3E3  (1BS8}. 
Sci«u[ilk  Memoirs  St-ries,  IV  ;  English  by  U.  C.  Joiien. 
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H        Between  0°  and  S3*  the  relatire  Tapo^p^es3tlr«  is  evidently  iiide-       ^^M 
^B  pendeut  of  the  temperature.                                                                         ^^M 
^M         Raoult  aUo  studied  the  effect  of  concentration  of  so/ulton  on  the         ^^M 
^1  va[>or-|)reasure  of  ethereal  sulutious.     He  wished  to  use  Substiuiufit               1 
^M  which  are  soluble  Iq  all  proportions  in  ether,  but  all  *Qch  have  nn             1 
^^  apprenlahle  vajMr-tetiaiou.     He  chose  those  whose  vajior-tcnsion  is             1 

lowrsl,  nvii'h  a.1  oil  of  turjieiiiine,  auiline.  iiilrobenzcnv,  wthyl  salicyl-        ^^B 
k  ati%  cbi.     Those  .tubstanoeti  kul  from  KM)"  to  2-J2°.                                        ^^M 
^H        Tb^i  result*,  exteiidiiiK  over  a  faiilj-  wide  riiujtc  of  concentration,       ^^ 
^1  show  thttt  in  ^neral  the  rttlalivc  lowering  of  the  vapor- pressure  is 
^1  proportii^nnl  to  thi'  com^nnl  ration. 

^1        The  most  important  [winl,  however,  whivh  was  tested  by  Kaoult, 
^1  was  the  ^Kt  of  tluf  nature  of  the  dinmhvfi  snhatance  on  the  vapor- 
^^  jire*«nrv  of  elherfiil  xoluUrm*,  ami,  findll;/.  on  Ihe  va/ior-preaaure  of 
^^  aoluUoHg  iR  different  fitivtU*.     Vs'v  will  take  first  solutions  in  etJier. 

as  tlie  solvi-ot>     A  niimbtir  of  difficultly  volatile  substances  were 
M    dissolved  in  ether,  and  the  lowering  of  the  vapor-tension  measured. 

H                                                    f—f 

■  The  reiativo  lowering  of  the  vapor-tension  ---f—  was  detiirniined," 

^1                                                                 ft' 

■  and  also  the  value  of  the  quotient  ^-fd-,  where  X  reprctenL*  the 
^1                                                                 /.V 

^B  number  of   molecules  of  the  substance   in  100  molecules  of  the 

^1  solution.                                                                                                        ^^H 

1 

"    J 

Trichlonwctlc  acid,    C^l.nijH  -  183,4 

Anilln*,                     Cb1I,V      =  M 

O.OIOO            ^H 
0.0084            ^^1 
0.009&            ^^1 
0.0097              ^^M 

D.OlOft             ^^M 
0.0087              ^^1 

^                    f-r 

■        The  value  of  ■  ■    ;;-  is  evidently  very  nearly  a  constant,  indepcn- 

^B  dent  of  the  nature  of  the  substance  dissolved  in  the  ether.     The 
1       mean  valim  for  some  fouiteen  substances  is  0,0098,  which  is  veiy 

clow  toO.OI. 

The  Law  of  Kaonlt.  ~~  Itaoult  employed  different  solvenltt,'  and 

detorminud  the  luwcrinj;  uf  their  vapor-tension  produced  by  dissolved        ^ 

1                                              >  V<mpt.  rend.  tOI,  1130  (ISST).                                              ^H 
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substaDces.  If  we  roprospnt  th«'  muluculuT  wniglit  of  Uie  diH-solrMl 
Bubstaiica  by  M.  ttie  weight  of  subsUnoc?  in  100  grains  of  bolwitt  b^ 
P,  the  molecular  lowering,  C,  is  expressed  thiis:  — 

Ituoiilt  used  twelre  vnlatite  liqiitils  an  solvents,  and  disRolved  in 
those  a  number  oi  sub^ttaiioeR  lut  itlifiliilj-  vol.-ilile  ilh  poeaible,  siich 
M  cane  siijjcnr,  glucose,  UK-a,  impliihalrnt*.,  aiif liracfiii!,  elliyl  ben»jat«, 
aniliiit',  nitrobcn74.^iic,  bciiiu>ic  iiciil,  vx,i.\  We.  fuuml  the  follAwiiig  re- 
markable n.'Iution  :  '■  If '  wn  divide  lli«  moli'Ciilar  lowtiniiK  of  vajior^ 
preesnn;,  C,  in  a  itivmi  voUtilit  liquid,  by  the  moleoular  woi^tht  of 
the  liquid,  M\  the  •/uiaienl,  — ,  which  rRpnfsfinla  the  relative  lower- 

ing  of  pressure  produced  by  one  niolecide  of  tioii-volatile  substaitQO 
in  one  hundred  molecules  of  solvent,  is  a  atnttaiU." 


Soi.'Kn 

If 

c 

r 

Water 

IS 

0.183 

O.OI(tt 

Phoaphoru*  triclilurlile      .... 

13T.fi 

1.4fl 

0.010S 

T0.0 

0,80 

ii.oins 

IM.O 

i.ea 

0.010S 

Chloroform 

11B.C 

1.30 

0.0  lOD 

70.0 

0.71 

aoiiM 

Benixn* 

T8.0 

0.83 

o.oine 

1«3.0 

1.40 

0.0 1<U 

lOtt.O 

1.18 

0.010(1 

74.0 

0.71 

0.00116 

l».0 

0.&0 

0.0101 

8S.0 

0.3a 

o.oioa 

Although  the  values  of  M'  and  C  vary  as  greatly  as  in  the  abovs 

table,  tlie  ratio,  ~,  is  practically  coustanl,  and  has  the  value  0.0105. 

RaiKiU  stHti^s  his  hiw  as  follows :  •  "  Om  Vfdfcute  of  a  non-rafinp, 

non-r"l(Ui!p  mtbutnifc,  iUgsrih-pd  in  one  hini(lrr"i  miyleaileii  nf  any  vofo- 

tiU  UijiUii,  lowers  the  vapov-piVMui'*-  of  thlx  fiffH  bii  a  ntarhj  wnntaM 

fraction  of  its  value  —  approximaff;!  O.OIOS."    This  law,  it  will  1)* 

recognized  at  once,  is  strictly  analogous  to  that  discovered  by  Raoult 

'  SHpntiflc  Mrmolni  Srrics.  IV,  12T.    Kdrtcd  by  Amu  (Aiiiw.  Book  Co.). 

*ZuehT.  ph3».  Chtm.  B,  3T3  (1B»»). 

SOLUTIONS 
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for  the  lowering  of  the  freezing-point  of  solventa.  It  will  be  shown 
a  littlf  later  that  the  two  classes  of  phenomena  are  very  closely  cou- 
Dec  ted. 

DotffrmuistioD  of  Molecular  Weight*  from  the  Lowering  of  Vapor- 

^tonaion. — The  poasibili^  of  determiuing  Uie  molecular  weights  of 

dissolved  substances  by  measuring  the  lowering  of  the  vapor-teiision 

of  solvents  produced  by  iheui,  was  clearly  poiuted  out  by  RaoulL' 

Tho  law  of  Uaoult  can  be  formulated  Uius:  — 

■  In  which  ti  IB  the  number  of  molecules  of  the  dissolved  substance, 
[  a  the  number  of  molecules  of  the  solvent,  and  i'  a  couatant.  Since 
|Ci»  practically  unity,  the  above  expression  becomes:  — 

f         N+n 


1  f  we  represent  \he  mok-eular  weight  of  the  substance  fay  M,  and 

«  wvight  of  substance  used  by  v.<,  n  =— -    Making  X=  1  and  sub- 

JH 
Btituting  tliis  value  of  n  in  the  above  cspressioUf  we  havu — 


/ 


w 


ai+a 


Knowing  (0,/,  and y,  we  can  calculate  iV.the  molecular  weight  of 
tho  nubstam-n  in  qufstion.  This  niethiMl  of  drtermining  moWular 
weight.t  hu«  never  found  exU-nifive  application  in  the  labovatoty, 
partly  on  account  of  the  comparative  difficulty  iuvulvcd  in  measur- 
ing vapor-pressuro,  and  chiefly  because  it  was  quickly  supplanted  by 
a  method  which  can  be  carried  out  far  mure  accurately  and  rapidly 
in  practioo.  Furthermore,  certain  serious  sources  of  rnor  in  the 
measorement  of  vapor-teniiion  have  l>een  pointed  out  by  Tainmann.* 
If  there  is  pn-M-nt  as  iin  impurity  in  the  solvent  any  more  volatile 
tiibstaiice,  it  will  affect  the  vapor-preititure  very  considerably.  And, 
in,  if  tJi«  solution  is  not  kept  actively  stirred,  the  layer  at  the 
rfaee  will  become  more  concentrated,  due  t«  the  evaporation  of  the 
solvent  from  this  portion  of  the  eulution.    The  vapor-tension  will, 


I  If  tl 

^■«nb8 
K«ai 
^■Burfi 


■  $el#iitSGc  Mcmoin  Surlra.  IV,  llT.    Edited  by  Ames  (Amor.  Book  Co.). 

■  nritA  Ann.  St,  ess  (istti). 
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Hum,  be  tb&t  of  the  more  conceotrated  solutioD,  and,  conaequentlj, 
lower  than  the  true  vapor-teusion  ot  the  solution. 

Hie  Work  of  Beckmaiu.  —  Boekmanu '  be^n  his  vork  by  im- 
proviiiK  the  iiiethoil  for  lueaauriiii;  vapor-tension,  hut  Boon  abandoned 
ttie  vai>or-U!iiiiiun  lueiliod  alttig«ther  a»  a  m«atia  of  determiniug 
uinWiilflr  wtiiglitH.  lnHt«ad  ut  determining  Uie  relative  vapor-ten- 
sion.i  of  sulvent  and  solution  nt  a  ^ven  Leuiperatute,  he  deterniiued 
till'  ti-inperatiires  at  whii'li  Ixith  aolvimt  and  xulution  have  the  sama 
vapor-prcssure.  It  wnit  found  to  bu  espcciiilly  convenient  to  deter- 
mine the  temperatures  at  which  the  va pur- pressures  of  the  liquids 
are  just  equal  to  the  pressure  of  the  atmosphere.     In  u  w<ir(t,  to 

determine   the  boitiii);-points   of 
the  pur«  solvent  and  of  the  soln- 
tion,  since  the  boUing-points 
temperatures     of     equal     vapor- 
pressure. 

We  have  seen  that  the  vapor- 
teosion  of  a  solvent  is  greater 
than  that  of  a  solution  at  the 
same  temperature.  The  boiling' 
point  of  tbe  solveDt  is,  therefore, 
lower  than  that  of  the  solution. 
The  method  as  carried  out 
Bcokinauu  conststx  in  debermia- 
ing  the  n'oc  In  the  boUing-poii 
of  a  »olvnit  produced  by  a  dift> 
solved,  non-volatile  substance. 

The  ajtpamluK  first  devised' 
by  Ueckmann  for  deteriiiining 
the  boiling'iHiint*  of  solvents  and 
solutions  has  been  so  ||i7«>atly  im- 
proved that  it  is  now  of  liardly 
nioie  than  historical  ioteneBt 
The  best  form'  which  has  evi 
been  suggested  by  BeckmaDa 
shown  in  Fig.  'J7.  The  glass 
tub«  A  contains  the  liquid  whose 
boiling-point  is  to  be  determined. 
Into  this  liquid  the  thermometer  dips,  as  shown  in  the  figure. 

<  Ziifhr.  phya.  Chi-m.  4.  M!  (1889). 

«  Jbid.  4,  M4  Cia»«J-  •  Ibbt.  B.  SM  (1881)- 
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bottom  of  Uic  tu\ys  aro  placed  )(1iui8  beads,  garuet«,  or  platiuuin 
scmps,  so  as  to  .sftuirv  a  uwrf.  uniform  riit«  of  boiling.  A  condeiiHer 
is  attju.0i('4  Ui  the  tiilw  A,  as  shown  in  the  ti);iire.  This  tube  i»  sur- 
ruundcd  by  ii  doiibU--H-alIed  gUiss  jacket  B,  into  whic-h  ia  iittroduoed 
some  of  the  Hame  liquiil  whose  boi ting-point  is  to  be  detentiined  in 
A.  This  is  also  pnovKUtl  v/Mi  a  return  coodcnser.  The  li'|uid  in 
B  is  botlod  at  the  same  time  ut  tho  liquid  in  A,  9o  that  t!ie  inner- 
most vessel  is  surrouudet)  by  a  layer  of  liquid  having  the  samu 
boiling-point.  The  whole  appamtus  rests  upon  an  abtbesUts  box,  and 
heat  is  supplied  by  a  flame  placed  beneath.  Iteckniann  hiis  devised 
a  number  of  luodificatiomt '  of  this  appaiatu.s,  but  in  the  opinion  of 
tlie  writer  none  of  them  represents  any  niarkeil  improvement  on 
tlie  form  just  desei-ibeil. 

Carrying  ont  a  Uoleoul&r  Weight  Setwiiunation  with  tbe  Beok- 
mann  Apparatas.  —  Th«  pure  solvent  t^  poun^d  into  the  tube  A.  the 
lilling<mat«i'ial  (l>ead«  or  garnets)  iwlriHlnci'il,  an<l  the  thennometer 
inserted  so  that  when  Uio  cork  is  forced  into  the  top  of  tube  A  the 
bulb  of  the  thermometer  is  entirely  eovcred  by  the  liquid,  but  does 
not  touch  the  glass  beads.  The  mercury  jo  the  iJeekmann  ther- 
mometer is  so  a^ljusted  that  the  top  of  the  colujnn  comes  lo  rest 
between  the  divisions  0''  and  1°  when  the  solvent  boils.  The  vcisel 
A  is  then  carefully  cleaned  and  dried,  and  after  introducing  the 
filling-material  a  weighed  amount  of  the  solvent  is  jioured  in.  The 
thermometer  in  inserted  and  the  eondoitser  attached.  Some  of  llie 
piiie  solvent  i.t  poured  into  tlie  vapor-jacket,  and  boiled  simulta- 
neously with  that  in  tJie  tulMf  A.  The  position  of  the  mercury  is 
carefully  noted  on  the  thMnionn-ter,  after  llie  solvent  has  boiled 
About  twenty  minutes,  and  tin-  liammeter  in  also  very  carefully  read. 
The  ttame  is  now  reraovetl  and  the  solvent  allowed  to  cool. 

The  substance  whose  molecular  weight  is  to  be  detiinnined  is 
premised  into  tablets,  weighed,  and  introduced  into  the  solvent.  The 
boiling  is  renewed  after  all  the  substance  has  dissolved,  and  tJic 
lemjierature  at  wliieli  the  solution  boils  carefully  noted  on  tht?  ther- 
mometer. Thn  barometer  is  read  agiiit,  and  if  any  change  has 
occurred,  the  proper  correction'  is  introduced  into  the  mulings  on 
the  thermometer.  Care  must  always  be  taken  to  tap  the  thermonie- 
ter  before  making  a  reading.    The  difference  between  the  boiling- 

*Zutkr.  plt»«.  ChtiTi.  IS.  6!A  (ISM)i  IT,  107(1866);  It.  fOSCIWIS) :  IS. 
•91  (1806):  n,»5(lBM). 

•For  details  iw  Bfltx:  Prartteal  .Vfthodt  for  PH^ntimliig  M'Jfulv 
WtfghU.  trnniintrcl  )>y  Jnac*  ami  King:  ;ilsu  Joim«:  iVrutnf-putnl.  BoUiKf- 

N4>  aiut  Ciiiidudivilt  MttkuiU  (C'hein.  Tub.  Co.). 
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point  of  the  sol vfint  and  that  of  the  solution  is  tho  riso  in  boiHug-poiot 
produced  by  the  disaolved  substaDce. 

Tlii;  tolculatioii  of  the  molecular  weight  of  the  dissolved  sub* 
stanci;  from  tho  rise  iu  boiling-point  ia  very  simple.  The  rise  in 
boiling-point  is  directly  proportional  to  the  lowering  of  the  rapor> 
pressiirv',  and,  therefore,  depends  upon  the  relative  number  of  mole- 
nilcs  of  thn  solvent  and  of  the  di!)6olve<l  substance.  If  we  represent 
thv  unknown  molecular  weight  by  m,  the  weight  of  the  snbstADOa 
uMd  b}-  u>,  the  weight  of  the  solvent  by  W,  and  the  rise  in  the 
boiling-point  of  the  solvent  by  R,  we  have  — 


m  = 


Or 


The  value  C  is  a  constant  for  every  solvent,  and  is  the  molecular 
rise  in  the  boiling-point  of  the  solvent  produceil  by  a  completely 
uodlssociated  stibstancc.  It  can  be  either  determined  experimeiita.Uy, 
or  can  be  calculated  by  a  method  which  wilt  be  described  Iat«r. 
Moleonlar  weights,  as  determined  by  the  boiling-point  method,  iisii- 
aliy  are  the  simplest  possible,  though  tlicre  ai>3  niany  exceptions  to 
this  gener.ilization. 

Improrementa  in  the  BoiUog-point  Apparatna  of  Beokmann.  —  A 
number  of  moditications  of  thu  lieeltniann  a;ipai'a,tud  have  been  pro- 
posed, in  aildilion  to  those  suggested  by  Iteckniann  himself.  Hite  ' 
introduced  one  glass  tube  into  another,  and  jilacad  the  thermomoter 
in  the  innennoat  tube,  in  order  that  the  cold,  recondensed  solvent 
might  not  come  in  contact  xvitli  the  iherinometut  before  it  bad  been 
rehea,ted.  He  ala<x  by  means  of  a  glaiu  ca))  into  which  notches  had 
been  filed,  caiLted  the  steam  to  rise  in  very  lino  bubbles  through  the 
liquid  just  around  the  bulb  of  the  tJn-rmo meter.  He  thought  that 
in  Uii.i  w.iy  he  could  secure  a  belter  stitring  of  the  liquid  just  aiound 
the  Ihermoiimlor.  The  apitai-iitus  of  Hile  i.t  undoubtedly  an  im- 
prove intent  on  any  which  had  W-v»  projiosed  up  to  that  time.  In  an 
attempt  to  impi'iive  the  Hile  itpjmi'atii.t,  Jones*  devised  and  used 
the  following  form  (Fig.  2.S).  Into  tln!  gla»:4  lube  .-I,  .-(oinH  Klaas 
beads  or  garnrts  are  intriMhicetl.  To  the  side  tuli^  ,1,  the  ciiiidensot 
is  attached.  Into  tliv  beads  a  cylinder  of  platinum  /'  is  iuM-rtod  by 
placing  the  finger  upon  Uie  top  of  the  cylinder  and  grully  sluikiug 
the  whole  apiHirabis,  The  liquid  whose  boiling-point  is  to  bi^  di'ter- 
mint.'d  is  introduced  into  A  until  the  bulb  of  the  thcrmunuiter,  placed 


>  Am*.  Chtra.  /oura.  IT,  00?  (1806). 
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ts  ihown  ID  Uie  ^gnte,  is  covered.  Ttiv  liquid  must  not  vomo  within 
n  centiin^tro,  »r  a  eentimetre  and  a  half,  of  tlio  top  of  the  platinunt 
(jyliniliT.  Tli«  tube  A  is  8ur- 
rouiidciit  hy  a  thick  jiuiUftt  of 
asbestos  J,  and  rusts  on  an  as- 
bestos board  in  which  a  i-irculKr 
holo  is  cut,  and  ovor  whiuh  a 
pieco  of  wire-  gsuio  is  laid.  Heat 
in  supplied  hy  means  of  a  very 
smalt  flanie  B.  pUccd  beneath  the 
apparatiiH  and  protected  by  a 
metallic  ecreen  as  shown  in  the 
drawing. 

The  eoaeDtial  difference  be- 
tween thU  apparatus  and  other 
forms  ia  the  platiiiiiin  cylinder 
which  i.4  tutroduuud  Into  the  boll- 
inji  litiuid.  The  objeirt  of  this 
cylinder  is  twofold.  It  pn^vents 
th«  ouoI<m1  rccondcnscd  solvent 
from  coming  in  contact  with  ths 
thcrmonieler  before  it  is  reheated 
to  tb«  boiling-point.  It  reduces 
the  effoct  of  radiation  to  a  mini- 
mum. If  the  bulb  of  the  ther- 
momet^r  is  surrounded  only  by 
the  boiling  liquid,  or  even  if  a 
layer  of  asbeatoa  is  wrapped 
around  the  k^ass  tube,  heat  will 
be  radiated  out  froin  the  hot  bttl!) 
on  Co  colder  objeota  in  the  neigli- 
borhiKid.  The  tern  pe rat n  re  of 
tht!  hull)  will  always  lend  to  be 
A  Utllfl  lower  than  that  of  i.li<- 
Imiliii);  liquid  in  which  it  is  « 
imin<TNivl.  Hy  Kiirrotindinf;  the 
bulb  with  a  pictre  of  mi'tal  as 
nearly  as  possible  at  the  same 
teui|ii'r:iture    as  the   bulb   it««lf| 

I'tbA  cS'^t.-t  of  radiation  is  reduced  _ 

,.■  .    .  Fun.  3S. 

w  a  minimum. 

The  apparatus  is  exceedingly  simple,  and  when  applied  to  the 
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determioation  of  molecular  weights  of  djssolvot)  siibstancra,  was 
found  to  giro  good  results  iu  both  low-boiling  and  high-boiling 
aolventa.'  Aiiotbor  application  of  this  nictliod  will  be  eonsidercd 
a  little  ]iiter. 

The  Apparatoa  of  Landsberger  u  modified  by  Walker  and 
Lomiden.  —  Tin?  ajiparatus  (if  I.iunlsbfi-t^iai'  is  based  ujiou  !i  some- 
what diffcirnt  principle,  es[)^cially  with  reapect  to  the  method  of 

beating  the  liquid. 
The  solvent  or  so- 
lution is  heated 
to  the  Uiiliiiif-poiQt 
by  meau.'t  of  tb« 
vnjHir  uf  the  pure 
solvi'iit.  The  a|)- 
paratiis,  as  modi- 
fied by  Walker  and 
Luiuftden,  is  showu 
in  Fiy.  2». 

A  llask  P  con* 
taiua  the  boiling 
solvent  The  vapor 
]!>  led  through  the 
tulw  H  into  tb* 
tnim  A',  whieJi  coo- 
tiiins  th>-  solution. 
Tliis  is  BuiTouoded 
by  a  Inryer  tube  E, 
which  is  Gonnected 
Willi  a  condenser  (7. 
The  rapor  e»ca])e!t 
from  JT  through 
the  hole  H,  and 
there  is  contKS 
qn^ntly  a  layer  of 
vapor  between  ^  ami  E.  The  lower  en<l  of  R  contains  a,  number 
of  prrforaticiiiH  tlii'iiUL;li  which  tlie  vnpur  egOMpcs.  The  bulb  y  pre- 
vents tht-  ]ic]nid  from  ^tp^ttcving  throuj^'b  llu'opi-nini;  i/. 

The  pun-  solvent  ts  poured  iiil^n  JV  until  the  tiulb  of  the  ther> 
ttioim-ler  is  just  covered.    The  pure  solvent  in  F  is  boiled  after 


Flci.  -UK 


'  Amt-r.  Cft^i,  Jciirti.  19,  600  (1H07). 
»  JJtr.  <t.  chtm.  aatll.  81, 168  <18»3). 
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introcluciiiK  aoine  frai^menta  of  porcelain,  and  Uie  vapor  (jaickly  boils 
l.hf  lii|iiid  luumiil  tilt!  tlit-ru»m«tt!r.  Aft«^r  tliis  [loitit  is  di^u^nutiied 
oil  till'  tliorinouieUtr  tlit;  tube  is  euiplici),  and  a  qiiaullly  of  Aututiou 
CODtainin^  a  known  auiuunt  of  <]issulved  HiibitUuice  in  a  Jtlveii  Tuluma 
is  u(1i1r(1.  TLih  b(>i1iii){-[Hiiiil  of  tlie  Hohilion  in  ilt't^niiinvd  in  the 
samv  iuuiin(.'r  iiit  tliiit  uf  Ibe  solvent.  TL«  iiolutinn  i^  ituiitinunlly 
changing  <.iiiiritiilralioii  duB  to  th«  condensation  of  vwjwr  from  the 
vessid  A*.  Al'Wr  the  boil  in;;- point  of  tbi-  solution  it>  determined,  the 
inni.T  tub*',  ivith  ihtirmomotcr  and  dvlivory  tube,  are  weighed. 
Knowing  lliv  wrigbt  of  this  part  uf  thi>  apparatus  empty,  aiid  the 
wei)(ht  of  the  eubstancu,  wo  know  the  weight  of  the  solvent. 

If  a  niinibcT  of  delerDiinationa  arc  desii-ed,  using  the  same  (junntlty 
of  stibstanei?,  the  passage  of  the  vapor  is  interrupted  from  time  to 
time,  the  boiling  temperature  read,  and  the  amount  of  solvent  present 
determined.  Id  such  cases  the  volume  of  the  solvent  is  i-eod  off,  the 
Cube  A'  being  graduated  for  this  puryiose.  In  reading  the  volume 
the  thermometer  and  delivery  tube  are  removed  in  each  case  from 
the  solution.  The  object  of  heating  the  solution  by  meaiiH  of  its  own 
vttfor  is  to  prevent  any  snperbeatinif,  atioh  as  may  take  place  when 
Ik  flame  h  applied  directly  to  tlie  sulution.  The  method  as  devised 
by  Landsberger,  and  as  modified  by  Walker  and  Luuisden,  riebled 
good  results  in  tlieir  hands  when  applied  to  the  piobletu  of  molecular 
weight  <I<!t4-nn illations. 

Me^umrement  of  Disiooiation  by  Heani  of  the  Boiling-point 
Method.  —  VVi-  hjivc  alivudy  s'i'n  lii>w  Ihi-  frrr/iiig- point  imaluiii  can 
be  applied  to  this  mciuurcnte-nt  of  dectrolytiu  disMiciutioii  in  Kolveiit* 
whiith  freeze  nrar  the  ordinary  tcin]K'rHtnrfB.  ThvnJ  are,  however, 
many  of  our  most  eominon  solvent*  which  do  not  freeze  at  H-injM-nu 
tures  to  which  that  method  is  applie^ablc,  sach  at!  the  alcohols, 
acetones,  esters,  etc.  In  many  sueh  cases  we  tiavc  absolutely  no 
method  for  measuruig  the  dissoeiation  in  these  solvents,  unh-ss  the 
boiling-jKiint  method  could  be  applied  Jones  and  King'  attciapt4Nl 
to  apply  the  boilinf;-|xiint  method  to  this  problem,  using  the  apparatus 
which  had  been  designeil  by  .lonea,  Tliey  measured  the  dissociation 
of  one  or  two  salts  in  etJiyl  alcohol,  and  allowed  that  concordaut 
results  could  be  obtaluttd. 

The  probtuin  wiu  sulisetguently  studied  far  more  extensively  by 
Jones.'  iisint;  Itis  own  apparatiiK.  He  used  as  solvents  metliyl  and 
ethyl  alcohol.-',  and  its  dis.folved  substanoes,  potassium,  sodium,  and 


>  Amir.  Chem.  .tovrn.  »,  TbS  (1S0T). 

>  Zlaehr.  pbjii.  Cltim.  31.  lU  (189»)  {.fubelband  lu  Van*t  UoS)- 


^H           amniniiiiim  bromiiles  &rid  iodides,  pntaHsium  aiid  »odimii  aontatCH,  V 
^H           aiid  i-ak'iiim  iiitniLe.    The  result:*  obtained  aj^reei]  Hatiafacturily  willi 
^H            one  aiKilliiT  Ui  witiiin  a  (ht  cent  or  two,  and  insulo  it  vrrt-  }in>balile 
^H           that  clm!;n>lytic  diaxwiatioD  ouuld  be  measured  by  this  boiliug-iXHUt 
^H           methwl  to  within  a  very  fpw  per  cent. 

^H                 Tlw  relative  tlis«oc-i»tiiig  [wner  of  diffn'ent  eolventa  is,  tu  tra 
^H           shall  SCO,  of  inoR-  thaii  tho  avevago  int«re«t,  especially  on  aecoHiit  of 
^H           uertnin  thvori'ticiil  qti<^stions  wliieh  nro  involved.    The  di&socintion 
^H            of  \hv  iiboTo-niiinfrd  salts  in  wa.ter,  and  in  ethyl  and  methyl  alroUoIs, 
^H            is  given  iti  tlif  following  tabic.     The  results  with  tl)e  aldihols  ar* 
^m           tak<-n   fi'oni   tJie  luensurements  of  Jone«,  using  the  boiling-point 
^H           method. 

^H                                     SOWTAXra 

XuuiL 

DuMCunw 

a  MmHTL 

H              .... 

■  Sal       ...       . 
H            Nll.l     .... 
^M             KBr      .... 

^M            KlI.Br  .... 

■  Ca(N<>,)t      .       .       . 

0.1 
0.1 
O.l 
O.I 
0.1 

0.3 
0.1 
0.1 
0.1 

89% 
B( 

83 

00 

«) 

00 
iO 

ao 

98 
16 

83 

« 

SI 

10 

14 

& 

^H                The  interpolations  by  which  the  above  valuea  were  obtaiiiml 
^H            could  be  made  only  approximately,  therefore  the  values  of  the  iliiuio- 
^H            ciation  are  given  only  in  whole  nninbevfl,      It  will  be  observed  tliat 
^H             the  dis.sopiatton   in  methyl   aleobol  is  more  tliaii  half  of  that   in 
^B            water,  while  the  dissoeiation  in  ethyl  alcohol  i«  less  than  one-third 
^B           of  that  in  water.     Further  reiation.i  between  the  din^toeiating  {>uwor 
^M             of  dilferent  ttolvenia  will  Wt  di.ieusHed  under  eleetTOohemistry. 
^H                 The  Vapor-presisnre  of  Amalgams. — The  nioleeular  weislils  of 
^H             iin'rais  dis.inlvpil  iti  mercury  were  determined  by  the  .iraoimt  wldeh 
^M             they  lowerei]  tlio  frcening-point  of  the  meroury.      Their  molecnUr 
^H            weights  have  also  been  determined  from  their  depression  of   the 
^M            vapor-tcn«ion  of  mercury.     The  following  results  are  taken  from  the 
^M            wmtIc  of  Kamsay;' — 

^B  '                                                  >  Journ.  Chem.  Sor.  56.  £21  (1S8»).                                ^^M 
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Uau. 


WciMn 

rOURB 


AnMH 
Wuttni 


JUtUtim   . 
'Sodium    . 
f'aldiUD   , 
Itarlum 
Jklagnddum 

Gallium  . 
Mii'ift-inriio 
Silver 


7.10 

21.0-lfi.l 

l».I 

:5.7 

70;  1-86.4 


00.7 


7.03 
S3. 01 
40.1 

187.0 
M.3 
06.4 
eB.fl 
U.0 

101.9 


The  tuoleoular  weights  of  tno^  uf  the  mi'tals  iiivestJKal^l  I^ 
Ramaay,  when  dlsflolved  in  mercury,  ar«  the  Siune  as  lb«  atuinio 
weight»,  mlioning  that  the  inolwule  uuder  these  coiiditioii.i  consists 
of  one  Atom.  The  cases  of  eitleium  and  Ih-u-iiim  aro  eK(-e|itit>itK:  their 
molecular  weights  being  one-half  their  atomic  weights.  This  would 
ftliow  that  what  we  ai-e  accustomed  to  call  the  atom  of  tlu-ne  eln- 
uit!tit.-t  i»  capahlo  of  Aiitxlivisiou,  and  is  broken  down  in  ilii-  {iiescnoe 
of  miTi'ury  into  two  parts. 

The  c Olio] 1 1.1  ion  that  tlie  atom  uf  calcium  c-on  be  brnkon  down 
was  rt-ai'ht.-d  by  Kuiiiphrfys  and  Mulil(>r,'  fmin  a  study  of  thv  dis- 
placement uf  (vrluiii  siK^clriiiii  liiit'.t  of  calcium  under  {trrasuiv. 
They  discovenil  a  .simple  rcJution  between  the  atomic  volumra  of 
the  elements  and  the  amount  tiy  which  their  lines  are  displaMd 
when  tile  vajior  is  »iiV>j(i-t«l  Ut  pn-ssure.  In  order  that  the  r«datioD 
should  Iwld  for  e.nlcium,  it  was  necessary  to  assume  that  the  atom 
had  broken  down  into  smaJler  parts.  That  two  such  independent 
Unea  of  research  ftliould  lead  to  the  same  general  conclusion  is  cer- 
tattdy  sugseslive. 

Relation  between  Lowering^  of  Vapor-tension  and  Osinotio  Tnaa- 
ure.  —  IWrii's'  b^is  nhowii  ■■xpiTinn'iitJiUy  that  ;i  prupunionality 
cxiots  Iwtwcen  the  isotonic  coeflicienls  of  a  niimlx-r  of  xulistances 
and  the  molecular  lowering  of  vapor-tension.  (Ivoworinjt  of  va{KH^ 
tension  and  rise  in  lioi ling- point  are,  of  course,  proportional.)  Tha 
following  results  are  taken  from  the  work  of  Da  Vries : — 

>  AftTo-PS9$ieal  Journal,  I.  13fi  (IBOO). 
«  Zttthr.  phft.  CliiTt.  S,  43T  (1866). 
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The  prcrportionality  bctwetm  lowering  of  vapor-tiMiHion  or  rise  in 
boiling-point  and  OHinotic  presHurt-,  ait  established  by  cx]XTiin«nt,  is 
at  once  ap].nirciit, 

Demoiutratioii  of  th«  Relation  between  Lowering  of  Vkpor-t«a- 
non  (BiM  in  Boiling-point  i  and  Osmotic  Pressure.  —  'I'lic  rclntioD 
between  osmotic  prcssuic  and  lowering  of  vapor-picssitrc  has  brnm 
derived  in  a  simple  manner  by  iVrrh cuius.*  The 
line  of  reasoning  in  as  follows  :  — 

tiiven   a  ve»iel    of   the    form    shown  ill  the 

figure,  closed  at  the  bottom  by  a  semi-perm eaWe 

wall.     The  vessel  is  filled  with  a  solution  S,  and 

dips   into   another  vessel    containing    tlie    pure 

solvent  IJ.      The   apparatus   is  covered  with   a 

bell-jar,  aud  exhausted.     Equilibrium  will  exist 

when  the  ]>reasiire  of  the  c<)liinin  of  liquid  from 

the  surface  of  the  solvent  up  to  It,  is  equal  to  th« 

osmotic  pressure.     When  equilibrium  is  eatalv 

tiuliei],  the  va|>or-)>resaiire   of  the  solution  at  A 

must  l>e  just  cquiil  to  the  pressure  of  tfa«  vapor 

of  ihe  Bolv<-nt  lit  this  [xiinL      If  il  were  less, 

liquid  would  ooodeuse  in  A;   if  more,  it  wottld 

rui.  -M.  distil  out  of  h,  and  there  would  not  be  equilib- 

riuni,  sinee  liquid  would   flow  either  out  or  in 

through  iht^  niembramv      If  /'  is  lh«  tension  of  the  va[ii>t  of  the 

solution  at  II,  /  the  vajwr-tension  of  the  solve.nt,  k  the  height  of 

tho  uolumn  of  liquid,  and  rf  the  density  of  the  vapor,  we  have  — 

'  ZUchT.  phyi.  Chem.  1,  116  (I8B9). 
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v  =  - 


^M        The  Vaiite  of  d.  —  Let  v  be  the  volume  of  a  graiu-nnjlenule  of  th« 
^M   vaptfp  of  the  solvent  D,  aud/  the  pressure  of  this  vapor :  — 

H    If 


p  =  RT, 
RT 


If  .VU  the  luolecular  weight  of  thu  solvent, — 


(f  = 


.V 


RT 


The  VnJue  nf  A.  —  Let  us  have  a  very  dilute  sohition,  in  whieh  « 
grntTi-moU^iiles  of  sufastsDoe  are  contained  in  tj  giams  of  xulveut, 
From  Van't  HofFa  law  of  osmotic  pressure  we  would  have  — 

i»F=  RT  X  n, 

In  whieh  P  is  th«  osmotic  pressure  of  the  sottition,  and  V  its  volame. 
K  lie  iht!  sjienifiu  gravity  of  ln)th  solution  and  solvent  (they  are 
tittallv  th«  eaiuv  for  very  dilute  solutions) ;  — 

P=h  X»[ 

» 


Subatituting, 


1^=hRT.    .:  fc  = 


nRT 
U 


Siibstitntin^  thv  values  A  = and  rf  =  ~~,  into  the  etjuation 

fmf—hd,  we  have  — 

^      ,     nRT     Mf 


or, 


=/- 


9 


which  is  essentially  RaoultV  ftucUiiieiit*]  equfttion  for  tti«  Ifiireriisg 
of  the  vapor-priuiguie  of  a  solvent  \^  *  dl*Kilv*d  Bobltaaee.    Baoult's 
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equation,  which  has  beeu  amply  verified  hy  expeTiiueut,  is  usu:UIy 

writt«ii  — 

f-r    n 

whcira  A"  ia  the  number  of  gram-molecules  of  the  solvent.  It  is  evi- 
d«Dt  thiit  .V  =  ^  wh(>n  the  two  c<qustiong  bocomi;  iilentielL 

Belntion  between  Eiw  is  Boiling- point  and  Lowering  of  Freezing- 
point.  —  itiwult  hiis  shown  uxjwri  men  tally  tli»t  tlic  lowcniigs  ol 
the  freeiing-poiut  produced  by  some  eighteen  salts  stand  in  the  same 
relation  to  one  nuuther  as  the  rise  in  boiling- point  piodnrcd  by  these 
same  Bubstaucea.  The  same  relation  has  bven  repeatedly  vsl 
lished  by  subsequent  experiments. 

That  there  is  a  relation  between  the  two  is  demonstrated  theorel 
oally,  by  the  fact  that  the  formula  which  ia  used  to  caloulatc  the 
freezhig-point  Ronataut  of  a  solvent  ean  Jilao  he  employed  to  caleo- 
lald  the  boiling-point  conatant.     Tlie  formula  deduced  (p.  224)  lor  the 

freezing-jwint  conataut,  C  =  ^^——.  gives  ua  the  boiling-point  eonatant 

if  we  represent  by  T  the  absoUitP  temiterature  at  which  the  solvent 
boila,  and  by  L  the  latent  hoat  of  vajMiriitaliiin  of  the  solvent  The 
boiling-point  i>onstaiil8  for  a  few  of  the  more  common  solventjt  am 
given  lielow  ;  — 


AMtong  .  .  .  1T.I 
Edier  ....  31.0 
EUijl  alcoliul  ,    .  U.7 


Anllln«    .     . 

.  32,0 

Henevnu 

.  S0.1 

Chloroform 

.  35.0 

AcotJc  ncid 

.  S5.Jt 

Mclliyl  slwihol  .  .  .  8.4 
Curbuii  lilHUlpliide  .  2.1.S 
Water ft.1 


The  relations  between  osmotic  pressure,  freezing-point  lowering, 
and  rise  in  boiling-point  have  been  then  thoroughly  establiahed  ex- 
perimentally, and  also  demonstrated  theoretically.  The  relation  be- 
tween each  and  the  other  two  haa  been  taken  up  and  pointed  out 
Each  of  these  ]>ropertiea  de)>enda  only  on  the  numlier  of  parts  of  the 
dissolved  substance  with  respect  to  those  nf  the  aulvent:  it  is  a, 
fiiDction  of  numbers.  It  does  not  iimttrr  wln-thcr  tin-  disitolvfil 
particle  ia  a  molecule  or  an  ion,  it  ha«  the  same  influence  oh  all  of 
these  properties. 

These  three  pro[)ert,ies  of  solutions  are  among  the  most  important 
from  a  pliyaical  chemical  aIandi>oiiit.  and  each  lias  an  interest  pecul- 
iarly its  own.  But  the  fairt  that  the  three  are  so  closely  ndat«4 
inorcases  our  interest  in  each,  and  makes  a  study  of  them  more  im- 
portant Hcicntifically.  since  through  such  relatifms  wp  arrive  at  wide- 
reaching  generaliiiatiuns — the  highest  aim  of  scientific  iuvestigatloa 
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Wbat  ia  DtUnnont  —  When  «  solution  of  a  colored  compound, 
liku  copper  sulphau*,  is  placed  in  a  glass  cfUodcrand  cov«red  with 
water,  tbe  color  is  sceu  to  rise  gradually  iu  the  cylindtr.  aiid  finally 
extends  throughout  its  entire  length.  If  the  liquid  is  aualjeed  aft#r 
a  time,  it  will  be  fouDd  that  the  copper  sulphato  has  passed  Into  all 
parts  of  the  cylinder.  This  is  found  to  be  a  jwrfectly  ki>u6>^1  proi>- 
ei  ly  of  dissolved  substantea,  Tliey  always  t«tid  U»  di.itrihiiln  tlvem- 
selves  throughout  tlie  entire  solvent  until  all  jiart.-i  of  the  solution 
become  houio^neous.  Thi.s  api)Iics  not  st[ii]>ly  to  eotuttons  border- 
ing on  the  jHiie  solvent,  but  al.so  u>  wns  solution  iu  contiuit  witb 
another.  If  the  two  .-tolittioiis  an-  uf  the  same  ^ubstani^c,  tho  di*- 
solvod  jiuWtamt!  will  always  jklsh  from  th«  more coDCt'ut rated  to  the 
more  dilute  aoltition,  until  lioniiiK(^iii-ity  is  establiaheil.  If  the  two 
solutions  are  of  diffureiit  Bulwtanfw*,  t-ach  will  distribute  itself 
throui;hoiit  the  entire  ma.-Kt  of  the  solvent  present,  until  «ach  liaa 
become  iMirfectly  huniugeueous.  This  phenomenon  is  known  ns  d^f- 
Jimon. 

It  is  not  easy  to  overestimate  the  importance  of  this  pro{)erty  of* 
dissolrrd  Eitb<tonovs,  especially  from  the  standpoint  of  the  analytical 
chemist.  If  it  was  not  for  the  power  of  dissolved  substances  to  dif- 
fuse throughout  the  entire  solreut  present,  it  would  be  impossible  to 
keep  a  solution  homogeneous  for  any  appreciable  length  of  time.  It 
the  dissoU'M)  substance  was  heavier  than  the  solvent,  it  would  collect 
at  the  bottom  of  the  solution ;  if  lighter,  it  would  collect  at  the  topL 
In  any  cast-  heterogeneity  would  result  —  the  solution  having  differ* 
ent  concent  ration  8  in  <lifTerent  parts.  Under  such  conditions  stand* 
ard  solutions  could  not  be  pi-eserved  for  any  appreciable  time.  Sitiee 
diffusion  exists  we  can  preserve  a  homogeneous  solution  for  any 
length  of  time,  provided  only  that  we  keep  all  parta  at  tlie  name  tem- 
perature. The  importance  of  this  property  is  at  once  evident;  we 
shall  now  study  it  •juantitalivrly. 

EzperimenU  of  Graham.  —  The  first  experimeut.t  of  any  eonsider- 
able  imporlaiiri*  im  ditTuNion  were  those  of  Graham.'  Ih;  dtil  away 
with  the  use  of  any  separating  membrane,  and  used  t>ttnj>ly  wtile- 
moiithed  vessels  int^  which  the  solution  vras  introducwi.  The  ves.-«el 
waa  th«!n  eomiilrt^ly  e<iverrd  with  water,  allowed  to  stand,  and  the 
amount  of  substance  which  passed  out  by  diffusion  determined  after 
a  time.     He  found  that  the  rates  at  which  different  substances  dif- 

>  ;^7.  Tntn».  1650,  1,  80& ;  I8&I,  483.     Lf«fr.  Jan.  77,  M,  and  1X0  (t9Gl)  ; 
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fuse  varied  greatly  with  the  nature  of  the  substance.  Acida  in  gen- 
eral diffused  more  rapidly  than  salts,  aud  the  different  salts  varied 
greatly  as  to  their  ditlusibility.  Graham  found  that  the  oonstinients 
o'f  Bome  double  salts,  like  the  alums,  could  be  partly  separated  by 
means  of  diffusion.  He  showed  that  the  quantity  of  substance  which 
diffuses  in  a  given  time  la  roughly  proportional  to  the  concentration 
of  the  solution  originally  employed. 

Fick's  Law  of  Diffviion.  —  The  first  to  arrive  at  any  broad  gen- 
eralization in  connection  with  the  phenomenon  of  diffusion  was  Fick, 
and  his  law  is  probably  the  most  important  which  has  ever  been  dis- 
covered in  connection  with  this  phenomenon.  Fick  stated  his  law 
thus:'  "  The  amount  of  salt  which  diffiuies  through  a  gioen  cross-section 
i»  proporlioiial  to  the  difference  in  concentration  of  two  cross-aectitma 
lying  infinitely  near  to  one  another,  or  is  proportional  to  the  difference 
in  concentration." 

Weber's  Hethod  of  Heasnrin;  Biffnaion.  —  After  Fick  had  pro- 
posed his  law  a  number  of  attempts  were  made  to  determine  its 
accuracy.  Weber'  devised  for  this  purpose  a  method  which,  for 
simplicity  and  accuracy,  far  esceeded  all  those  which  had  been  pre- 
viously used.  This  method  was  based  upon  a  principle  which  will 
be  considered  in  detail  under  electrochemistry,  A  brief  description 
of  the  principle  must  suffice  in  this  place.  If  two  plates  of  the  same 
metal  are  immersed  in  solutions  of  a  salt  of  that  metal  having  dif- 
ferent concentrations,  and  the  plates  connected,  we  have  an  element 
with  a  definite  eleetro motive  force.  The  electromotive  force  of 
such  an  element  de])ends  upon  the  difference  in  the  concentration 
of  the  two  solutidiis,  and  upon  this  fact  is  based  the  possibility 
of  measuring  diffii.sioii  by  such  a  method. 

A  cylindrical  vessel  was  closed  at  the  bottom  by  an  amalgamated 
plate  of  zinc.  Upon  this  was  poured  a  concentrated  solution  of  a 
zinc  salt.  A  more  dilute  solution  of  the  same  zinc  salt  was  poured 
upon  the  more  concentrated,  and  on  the  surface  of  the  more  dilute 
solution  was  placed  a  second  plate  of  zinc.  The  two  zinc  plates 
were  the  electrodes,  and  the  electromotive  force  of  this  couple  at 
any  instant  depends  upon  the  difference  in  concentration  of  the 
two  solutions  at  that  particular  moment.  The  two  solutions  being 
placed  in  contact,  diffusion  of  the  zinc  salt  continually  took  place 
from  the  more  concentrated  to  the  more  dilute  solution.  The  dif- 
ference in  concentration  became  continually  less,  and,  consequently, 
the  electromotive  force  of  the  element  became  gradually  smaller. 

'Foffg.  Ann.  94,  69  (1856). 

>  Wied.  Ann.  T,  409,  and  630  (1879}. 
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the  two  Holntioiis  had,  lij'  Jiffusion,  lieoome  of  tht  Sane  ooq> 
ccntnitiiiii,  thit  fli'drutiiotive  forcii  would  of  course  entirely  disappear. 
TeBtJng  the  Law  of  Fiok.  —  If    we   apjily  Fiok's  law   to   thla 
mvtbml,  w  ubUiii  the  fullowiiig  expression  wht'ii  the  tuno  i&  long:  • — 


e  =  Ae"^^ 


^f      H  is  the  height  of  the  veasel  uHod  in  the  expeiiment,  t  is  tho  timo 
~  of  the  experiment,  and  -1  is  a  c«ii»taiit. 

If  the  law  of  Vit-k  is  true,  tlie  expression  —-Jc  is  a  constant, 

indei«jident  of  the  time  during  which  the  cxiH'rimcnt  has  lastod. 
Wober  tested  this  point  eijteriinentally  and  obtaiuud  the  following 
^values:  — 


4-8 

T-a 

8-10 

10-n 


2^* 

0.20SS 

o.sooa 
o.SMe 

USOST 
O.SMB 


II 
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tieae  results  confirm  at  onc«  the  correctness  of  the  law  of  Flek. 
The  law  has  b<?en  furlhtT  Kisted  by  a  number  of  diffei-ent  exjwri- 
meoters,  using  difEerent  methods.  Scheifur'  covered  the  solution 
witli  pure  water,  and  determined  the  amount  of  substance  which 
diffused  upward  into  the  water.  Ho  determined  also  the  influence 
of  concentration  on  the  value  of  the  diffusion  constant  A'.  The  fol- 
lowing results  are  taken  from  Ma  paper, —  N  is  the  number  of  mole* 
cules  of  water  to  one  molecule  of  substance,  I  is  the  temjierature:^ 


1 

n 

k 

ir.» 

7t.8 

t.l9 

Siili>httrio  nciil. 

T'.e. 

OSCO 

i.ai 

Nitrli^  acid 

V.(t 

:.3 

».m 

Nitric  AcId 

r.ft 

73.6 

1.77 

Nitric  fti-id 

c.o 

486,0 

1.74 

Hydrochloric  odd 

n».» 

7-6 

■i.U 

Hydrochloric  add 

ll'.O 

10«t.O 

I.M 

ARimonta 

4'.6 

16 1» 

1.00 

Aii4iiK>iiia 

4".R 

tM.6 

1.00 

Siiliuiii  liydruxide 

8».0 

830-l> 

1.06 

Sodium  lirilmildo 

ft'.O 

SMlO 

1.04 

Cnlirlum  cliliirlil« 

r-a 

IDil 

0.70 

Calclnm  chloride 

10".0 

ST.O 

a7i 

^  Btr.i.  them.  OaitU.U.'im:  16, 1003  (1883-1H83).   Zt$el>r.  lAv.  Ckm.  ft. 
•  <IW). 
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With  Uie  exception  of  hydrochloric  acid,  the  ixuifltatit  vari«»  onl] 
Bli){[ill,V  m  illi  llie  conci-iilratiou,  as  woidd  t'olluw  fmiu  ila-  liiw  of  Fick." 

Sti'fiiii '  niiowcd  fi'uiii  llie  law  of  Fick  as  ui>pUed  Ui  a,  long  virssi-I 
tliitt  ttio  quiiiitity  u,  which  dilfufled  tliiouglt  a  given  area 9,  should 
ffxproasBd  tlms: —  nr: 

This  was  IpsUh!  ex|)eri mentally  by  Voi^jllandi-r,*  who  worked  wit 
solutions  in  solid  »i;nr>agEiT  jelly.  It  had  aln-udy  bucii  uliowii  h; 
Graham.'  ami  it  wa«  «iibsi;niit.'iit,ly  ronliriiicil  liy  WiKtlUider,  that  th- 
rate  of  (litTusion  was  vs»entiully  the  siiiiif  111  the  jidly  as  in  watei 
The  advantages  ii)  using  jrlly  iiisti'iul  of  water  in  studyiog  difTusio' 
are  obvious.  Tin-  fITwt  of  jurring  the  soliilion  would  be  Ipssonird,  ftnd 
there  would  bo  f.ir  loss  mixing  of  the  solution  due  lo  currents  pro 
diiced  by  une'iiial  healing  of  diiff  rent  parts  of  the  mass.  Hy  work- 
log  with  jelly  solutions  it  was,  then.  ]>ossibIe  to  earry  out  dilfusion 
experiments  expending  over  a  nnich  greater  period  of  time  tlino  had 
been  pnictieabtt!  with  aqueous  solutions.  VoigtlSioder'  worked  witll; 
a  0,7:;  jier  cent  solution  of  sulphuric  acid.  He  allowed  this  to  dilTuM 
into  a  cylinder  eontMning  agar-agar,  and  determined  the  amount 
which  diffused  through  a  square  centimetre  ui  a  given  time  (.  Al 
ihp  values  of  11  were  calculated  on  the  basis  of  GO  miuules,  hence  tb' 
value  BO  iu  the  following  constant. 


TlHK 

"9 
•ft 

&   lUlllUtM 

0.30 

1,114 

I                                     4(1    lllllllllPS 

ftM 

1.0s 

1                    120  luliiiiuw 

1.48 

1.05 

1                 300  miiiiUw 

8.44 

1.<)0         ^ 

1                    flnu  iiilniiuit 

4.80 

Ml         ■ 

lOSO  mlniti«s 

4.41 

I.IO          ^ 

28S0  uiL'iiiue 

T.06 

1.02 

1 

These,  and  other  siniilar  results  obtained  by  Voigtlilnder,  agree 
with  the  formula  deiluccd  by  Ktefan,  and  confirm  the  law  of  Fick. 

Voigtlander*  also  determined  a  number  of  diffusion  oonjtlttnt« 
acids,  bases,  and  salts ;    and  the  temperature  coetBcients  betweei 
0'-20',  and  2ff'-^0°. 


'  ir(i!ii.  AkaA.  Bet.  T9,  111  (IPTB). 
*  ZtMhr.  phv:  Cliem. ».  :IIC  (1889), 
'  n'l.  Tram.  1881,  p.  183. 


•  ZfwAr.  sAii*.  Chem.  t.  S2I  (189&]t 

« Ibid.  »,  aai  (IB89). 
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Thfl  law  of  Kic-k  has  kIso  been  tested  nn<l  ooiiGmifid  n-peatedlj 
by  subsequent  work,  so  that  it  can  now  be  regarded  as  n  wvll-estali- 
Ushcd  liiw  of  n.itiii'c. 

The  Cftuse  of  Dif (ution.  —  AVliat  is  the  cause  of  diffusion  ?  What 
force  operates  to  drivu  the  dissolTed  substance  into  all  parts  of  thfi 
solvent  until  thi'  whole  bMomes  homogeneous  ?  To  obtain  an  answer 
to  this  question  we  must  go  boek  to  the  fundamental  law  of  diffu- 
sion —  the  law  of  Kick.  Uitfuaion  dejiends  upon  difference  in  con- 
centration, and  upon  thia  alone,  temperature  being  constant. 

This  suggests  at  once  the  taw  of  Boyle  for  the  osmotic  pressure  of 
EK^Ution^t.  Oaniotio  jitesaiire  is  proportional  to  oonreiitratioii ;  i.e.  it 
ntijMiid^  upon  the  dilfeteace  in  concentration  of  the  solution  and  puro 
solvent,  or  of  one  solution  and  another.  Siuce  difTusioii  de^x-iKlM 
u;M)ti  difference  in  ooneent ration,  and  osmotic  pressure  dei>cndK  upon 
diifi-reiice  in  ciiiioi'iitiittiuri,  itie  question  arises,  is  not  oauiiitic  prt-s»- 
ure  tiiK  c'JkuHit  of  difluNJon  ? 

We  shall  sih;  that  lliin  is  voiy  probably  the  ciuse.  In  the  first 
pliu:>\  Boyln'.i  law  for  osinMtie.  priMstiru  in  strictly  ftnntogous  to  ihc 
law  of  t'ick  fur  ilifru.-<ii>u.  AKain,  tiiti  law  of  Gay-T.ussar  for  osmotic 
pre.^Miiro  holds  for  llio  temjHiraturtf  eocHieient  of  difFusioti,  as  wp 
have  aln^iuly  seen.  The  principle  of  Soret  i»  but  an  expression  of 
this  fatrt.  It  will  hf  reinunibi'rcd  lh*t  the  chanRT  in  concen  tint  ion 
of  a  lion>ogeneous  solution,  jirwluct^d  by  keeping  tiie  ditTerciit  purts 
at  differetiHf^mpiTaturcs,  is  about  j^t  <^f  tti^  original  concentration  for 
every  ditferonce  of  one  degree  in  tem|>eraturc.  Here,  then,  wc  have 
two  fundamental  laws  of  osmotic  pressure  applying  to  diffusion. 

Diffusion  in  solutions  takes  place  very  slowly,  as  we  saw  when 
discussing  the  principle  of  Sorct,  while  diffusion  in  gases  quickly 
establishes  equilibrium.  This  is  just  what  we  should  oxjwct.  even 
if  osmotic  pressure  is  exactly  equal  to  gas-pressure  under  the  same 
conditions.  Equilibrium  is  establi.shed  quickjy  in  gases  because 
thei«  is  comparatively  littie  imier  friction  and  the  particles  can 
move  freely.  The  friction  in  solutions  is  much  greater,  due  to  the 
preiience  of  Uie  .lolvent,  and,  couaequently,  the  dissolved  ]Wrticles 
move  Uirough  the  solvent  much  more  slowly  than  the  gas  particles 
..^traij^  space.  Inner  friction  is,  then,  the  chief  cause  for  tlie  long 
[tbn^I^uired  for  difFusion  to  establish  equilibrium. 

To  sunimoriu!,  we  can  say  that  osmotic  pressure  and  diffusion 
obey  the  same  laws,  and  the  former  is  either  the  cause  of  the  Utter, 
or  they  Itoth  have  a  common  cause.  Since  we  know  of  no  such  com- 
mon cause  we  are  ju.ititifd  iu  ui^t^rihinK  diffusion  u>  oxmotic  pressure, 
and  in  regarding  thn  latter  mt  the  cause  of  Uie  former. 
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Nenut'i  Theory  oonnecting  Diffusion  and  Osmotic  Preiaure.  —  The 
rvlAtiwn  lietwoei)  diilusiim  and  odiiiutiu  pivn.siirt-  wa»  Inoughl  out  very 
clwirly  by  Nern»l'  in  his  well-lcuowii  (i;i])Br  on  tlie  "Theory  of  I>if- 
fuiioii."  Vnn't  HolT  hutt  just  shown  the  t^lose  utuloKy  which  exists 
bdtvfcen  the  ojHuwtit:  pri-ssiire  of  liissolved  .tiihstaiices  anil  the  gaa- 
prcasurv  of  gases.  DitTusion  iu  gose^s  was  known  to  Vw  due  to  Ui© 
Eome  cause  m  ^as-prvssun.',  i.e.  in  terms  of  th«  kinetic  theory,  to  tho 
inovcQieiitt)  of  thu  ^as  particles;  aiid  the  ga»  jmrttchis  would  mor* 
from  a  tvgioD  of  higher  to  that  of  lower  pressure  unUI  cqnilihriuni 
was  established.  Nernst  saw  cleaily  that  there  was  o.  close  analogy 
betweE^n  diffusion  id  gases  and  diffusion  of  dissolved  substances,  Ihe 
cliief  difference  being  in  the  time  required  to  establish  oqiiilibrium. 
On  the  basis  of  these  analogies  Ncmst  miule  the  follovring  calcula- 
tions, which  will  be  given  in  his  own  words  for  non-electrolytes, 
since  this  is  much  simpler  than  for  electrolytes:  — 

"Given,  for  the  sake  of  simplicity,  a  diffusion  cylinder  of  coa- 
Stant  cross-section,  and  let  us  assume  that  the  concentration  iu  every 
croe»4eotion  is  the  same.  If  there  is  an  osmotic  pressure  p  at  tb« 
place  n,  ill  the  layer  ^<ijc  there  exists  a  pressure  on  the  substance  ia 
Bohition  of  —  9^/'.  If  c  is  the  con  eventration,  i.e.  the  number  of 
gram -111  olecules  of  the  substance  in  tjuestion  contained  in  a  cubia 
centimetre,  the  force  which  at  the  place  x  ads  on  every  gram- 


1 


molecule  ia  —  —^  =  —  3-- 
qdxc         f  ax 


If  we  designate  by  A'  the  Eoroe  which 


must  act  on  a  gram-molecule  in  solution,  in  order  to  move  it  witll 
the  velocity  of  one  centimetre  per  second,  w«  have — 

the  amount  of  substance  in  gram-molecules  which  wanders  thr 
the  cross-sec: ti on  9  in  time  i,  if  two  layers  alwut  one  centimetre 
show  a  difference  of  one  in  concentration.     In  the  cates  where  tl 
dissolved  substance  does  not  polymeri/*  with  incn-asing  eoiinentra-l 
tion,  the  osmotic  i)resttur£  ia  proportional  to  the  concenlratioti,  i^ 


where  pn  is  the  pressure  in  a  solution  of  unit  concentration,  and  wej 
obtain — 


S  =  - 


gtpadc 
A*S* 


1  ZUChr.  phjii.  Chtm.  K.  913  (1688). 
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Since,  bowerer,  in  audi  great  dilutions  that  tlm  friction  of  the  mule- 
culefl  of  the  dissolved  sutiNlAiici;  iiKiuiist  thi;  mukctilvx  of  the  solvent 
is  great  with  reapect  to  tlmir  friction  (igaiust  one  anutlirr,  K  is  inde- 
pendent of  lilt!  concentntiiun ;  tlii'i  i'li'inuntary  law  of  Kick  for  diffu- 
Bion  is  nt  nn<M!  derivable  froin  tbe  lut  cxpresxioii.  Thin  law  should 
holil  riRidly  for  dilute-  soUitionH,  At  greater  conccntrstionB.  on  the 
oilier  hand,  ileviations  eiui  iirlse,  for  the  two  fuilowiag  reasons: 
First,  the  force  A'ciin  chungc  with  the  conceDtration ;  second,  the 
t)rO])ortional  ity  between  p  and  c  can  cease  to  exist." 

From  the  I;iw  of  Kick  the  amount  of  salt  S,  which  passes  through 
tlie  cross-seetiou  q  of  the  diffusion  cylinder  in  time  t,  if  at  X  in  the  en- 
tire crusiMiectioD  there  is  a  concentration  c{_a,tx  +  dx  this  is  c  +  dc)  is, 


S=-.^^. 


(?) 


where  k'  is  the  diffusion  covfScient  for  a  given  substanoe  in  a  definite 
wlvent. 

From  (1)  and  (i)  we  have:  — 

*'  =  §(rm.*s«c.  ')■ 
A 

In  calculatini;  diffusion  otx^fGcieDts  tho  units  are  the  centiuietre 
and  day.     It  we  dtr»ij;nate  thia  by  h,  we  have  — 

A 

(since  there  are  8.64  +  10*  seconds  in  a  day). 

The  pressure  p,,  is  obtained  from  tbe  volume  occupied  by  a  gram- 
molecular  weight  of  a  gas  at  0°,  and  one  atmosphere  of  pressure,  r'.ft 
the  volume  ocenpied  by  2  grains  of  hydrogen  or  32  grams  of  oxygen 
under  a  pres.'»ure  of  one  almoitphere.  According  to  the  work  of 
Regnault  tJiin  volume  is  22,.?80  nn.  for  hydrogen,  and  SlV^'i^f*  ■^m-  f<^r 
oxygen.  If  we  ttike  tbe  itti.-»n  22^t50,  we  have  tbe  following;  To 
compreKS  a  gruin-molecular  wrigbt  of  a  gas  at  (°  to  a  volume  of  one 
centimetre  would  require  a  pressure  in  atmospheres  of  — 

22,350  (l-(-«0=J^ 
Since  an  atmosphere  is  equal  to  l.0<'T3  kg., 

ft=  22,350  X  1.033  (H- 0.0367 () 

=  23,080  (1  +O.03C70  ^&- 
^  '  cm' 
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^^^V          SubntiUiting  Una  value  of  ji.  Id  the  above  equation  and  solving;! 
^V            for  K,  vr»  have  —                                                                                              fl 

H                                      K=  I  1.99  X  10*  (1  +  0.0.%T  0  kg.                        ^H 

^^^B          To  ascertain  thp  absolute  value  of  K  tor  any  given  sulMtainw,  it  1 
^^^^      ia  neoessaiy  to  know  the  value  of  the  dtfTTisiitn  constant  k.     This  I 
^M           has  been  determined  for  a  number  of  substancM  by  Schcfl<'r.'     From  M 
^M           thciie  deternunationa  Xemst  calculated  the  value  c^  if  for  the  follow-  ■ 
^H            ilig  RubstanceH :  —                                                                                              ■ 

1 

t 

1 

^H              Chlornl  hydmtB 
^^M               Mnnniui 

7».6 

D.81 
0.64 
O.SS 

!.G  X  1Q>  kg.             1 
3.8  K  10*  kg.               ■ 
6.fixl0<kg.             1 

^H                 rroin  the  caloulatioua  of  A^  made  by  Stefan  *  on  the  bast^  of  1 
^H           Graham's  Dieaeurenientji,  Kemst  calculated  tlie  values  of  JC  fur  a  M 
^H           number  of  aiibxtances.                                                                               1 

1 

k 

1 

^H             Canine) 
^H             Albumin 
^H              Cone  siignr 

10* 
13" 

O.WT 

o.o«ut 

0.31S 

«x10*                 1 

ns  X  to>            1 

«.T  X  10*                   I 

^M                 The  enormouH  magnitude  of  tlie.se  numbers  is,  of  course^  sitrpris- 
^H            ing.    Thu.-",  the  force  neceasary  U>  drive  a  gram-iiicjlepuliir  weight 
^B            of  cane  au^-ar  through  water  with  a  vtdoeily  of  om^  centimetre  per 
^H             second  i*  6700  million   kilogrums.     J^i-rnMt  raiMt^I  the  quostioa  as 
^H             to  whether  tliia  enoriiKiu.s  resiit(«nci:  is  chisi'ly  connected  with  the 
^H            weight,  the  foiistitiitioii,  and  coiitigurutiiin  of  the  moiecnles.     With- 
al      1    out  att^]ni>tini{   to  »nsvrer  it,  he  pointed  out  that  the  resiataoce 
^M             nndoublrdly  incrriiscs  with  inrrmaso  in  molecular  weight.     This   is 
^H             clvurly  Kunn  in  t)i(^  nlnive  tnblc,  wlx^rc  those  subgtani-es  which  have 
^K            the  linger  molecidar  wcightn  liave  the  larger  values  of  A'.                    ■ 
^^                   Ostwald  '  explains  the  aionnous  magnitudes  of  tlio  above  TBluiBtfl 
[,                a4  due  to  the  vein,-  great  number  of  motciulcs  present  in  the  nilni^gfl 

^B                                          1  Zturhr.phy*.  Chtm.  9.  401  (18ee).                                ^^H 

^H                                              I  WieiifT  Siltun'jtlH^Hrhtf.  TO.  161  (IBTO).                      ^^^^| 
^^^^                                      <  Lthrb.  d.  Allg.                  p.  OOS.                                    ^^^H 
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■  thfl  iaol«CMlar  state  representing  matter  in  sueh  a  highly  divided 
L-oiiditioD.  As  he  states,  the  amount  of  force  ueces<iary  to  throw  a 
Ktouc  through  the  air  witli  a  verj-  conaiderable  velocity  is  not  great. 
If  now  the  stone  is  powdered,  the  force  rei|uired  to  project  tlie  dust 
with  the  same  velocity  is'very  great  indeed.  If  tlit-n  wfe  oonsider 
this  process  of  Hiibdiviaiou  to  continue  until  thi-  molecules  them- 
wlvea  are  leached,  the  force  required  to  hurl  them  through  the  air 
with  the  same  velocity  as  waa  giveu  thi?  stone,  woiilil  lie  enormous. 
If,  hnally,  instead  of  through  llie  air  we  hurl  thene  inlinitesimol 
particles  throii);h  a  highly  resisting  medium  such  a»  water,  it  is 
quite  conceivable  that  the  resistant-e  eiicounlen-d  would  lie  of  the 
ordor  of  mat^nitmle  gireti  alfove.  Whether  thix  is  the  expn-ssion 
of  the  whole  truth,  nr  not,  it  in  eertuinly  helpful  in  forming  H  Oon> 
ceptioii  of  llii-  passible  cause  of  this  very  high  resiBtaiifc. 

Nenist  liiualso  worked  iiut  a  theory  of  di^uston  for  electrolytes,' 
but  since  this  involves  conc-ptions  with  which  it  would  bo  prema- 
ture In  ileal  in  this  place,  reference  only  can  be  mmle  to  it 

Crystalloids  and  Colloids.  —  The  seclion  on  iliffnsion  should  not 
be  closed  without  brief  reference  to  a  distinction  between  the 
velocities  with  which  substances  diffuse,  which  was  }>oinlcd  out  by 
Graham.'  If  we  compare  the  velocity  witJi  which  an  acid  diffuses 
with  that  of  albumin,  we  find  that  the  two  stand  in  the  ratio  of 
about  iiO  to  1.  There  are  many  substances  which,  lilie  albumin, 
diffuse  very  slowly  in  the  presence  of  waler.  These  are  chiefly 
amorphous  substances,  while  those  which  diffuse  rapidly  ai-e  gen- 
erally crystalline.  The  latter  are  termed  cryslaliotda,  tlie  former 
coRoidt. 

These  two  classes  of  substances,  when  in  solution,  affect  the 
properties  of  the  solvent  very  differently.  Crystalloids,  as  wc  have 
seen,  dissolve  with  temperature  changes.  They  lower  the  freezing- 
point  of  the  solvent,  and  also  its  vapor-tension.  They  exert  an 
osmotic  pressure.  Colloids,  on  the  other  hand,  affect  the  properties 
of  the  solvent  to  only  a  slight  extent.  If  they  lower  the  freezing- 
point  or  vapor-tension  of  the  solvent,  it  is  only  to  a  vety  slight  extent 

Tliesfl  two  classes  of  siilHtantv.i  can,  in  general,  be  easily  sepa- 
rated from  one  another.  If  a  .Kohiliim  cimt.aiuing  both  crysialloids 
and  colloids  i.t  brought  in  contact  with  a  colloidal  membrane  such  a» 
iment  jMtpor,  and  water  is  placeil  on  tlin  other  side  of  the  mem- 

le,  the  enF'stalloids  will  pass  through  the  membrane,  while  th«' 
eQlIoidx  will  be  prevented  from  doing  so.    This  was  termed  by  Or*- 

'  Zttehr.  t^hy*.  Ofm.  »,  BIT  (188»). 
*  Litb.  Ann.  ai,  1  unoa). 
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bam  diiai^t,  and  the  apparatus  for  efTi^rtiDg  snnh  s<-j>amioiu  a 
(l('<i/_'/wr. 

Colloidal  Solntiont  of  Met&U.  —  Some  anusually  intercKtiiig  r»- 
siilta  have  rccentiy  bceu  obtained  in  connection  witb  colluidul  sohi- 
tioDs.  It  has  beeu  found  ]K)»sib[e  to  prrpare  (rolloidaJ  suluticms  nob 
only  of  the  neutral,  ainorplious,  orgvuiic  t>nbsljinL'i.*8,  but  of  t)tv  metal 
themselves.  A  number  of  yeai-9  ago  Carey  Lea'  showed  how  meUl- 
lio  ailver  eould  be  obtained  in  solution  in  water  —  t-Lo  solution  having 
the  aauie  propertioB  as  that  of  a  colloid;  and  quite  recently  Hredig 
and  Von  Iterueck '  have  worked  up  a  more  or  less  general  niethotl'  for 

obtaining  the  most  in»oU 
ubie  metals  in  lht>  form 
of     colloidal     solutions. 
The  Wfthoil  will  be  d^. 
scribed  n»  ngipHinl  in  tbo' 
case   of    iii<>tiillic    [(Inti- 
nnin.       Two     pintiniiia 
wires  (a  and  h.  Ftg,  31), 
of  nhoiit  one  uiillimctre 
diainetrr,  an?  diptxtl  into 
)iuro  walcr  iiml  lironght 
eloae  together,     A  current  of  from  S-I2  amp6res  and  30-111  volta  ia 
passed  through  the  wires.     This  forms  an  electric  arc  un<l«t  the 
water.    The  metal  is  torn  uff  from  ilie  cathode  in  a  very  tine  state 
of  division,  and  the  water  qiiicltly  bfconies  dark  biown  in  color.l 
.\fter  the  solution  has  at^t^tiired  tlu-  ooncentratiou  desired  it  is  filtered 
UirouKli  a  fulded  filler  to  remove  any  larger  particles  of  platinurai 
whidi  may  have  Ik'^u  torn  olT.     Whrn  a  dro]>  of  this  licjuid  is  pla 
undur  llii>  bi-st  niicnwiopus  it  looks  |«-rfpctly  homogeneous,  whicli] 
show.s  the  vi-ry  fine  ntate  of  division  nf  tho  plutinnm.     Indeed,  thai 
platinum  partiidi-M  miixt  be  smaller  tlinn  thi^  wav^lt-uKlh  of  light. 

Hri-dig  and  Vim  Hfrnvi-k  found  thai  this  Iii|uid  hna  qwitw  n-mark* 
able  properties.     It  decomposes  hydro^^n  dioxide  like  organic  fer- 
ments, and  resembles  the  latter  in  many  other  particulars.     A  gram 
fttomii;  weight  of   platinum  in  70,000,000  1.  of  water  decompofie.t 
hydrogen  dioxide    appreeiably,  llius   resembling  organic   fermentilj 
where  a  rery  small  quantity  can  elTect  a  large  amount  of  deooi; 
position.     An  even  more  striking  analoKy  between  the  action   oEl 
the  colloidal  platinum  and  organic  fenuctits  ii(  tn  be  found  in  tboj 

'  Amir.  Jdwn.  Sdenet,  «T,  4'«  C1»W) ;  3a.  47,  120. 2.17  (iftSB). 

»  ZUehr,  j'hyf.  Chrm.  SI.  SW  f  ISlHi). 

■  ZUchr.  /.  aageit.  Chum.  18U6,  061.    ZUehr.  f.  ^^ttoehrm.  4.  &1(  (1807). 
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effect  of  certain  )H)isons  upon  Kith  of  thrm.  A  very  small  amount 
of  certain  AubtttaiiReii  will  eutinrly  (k-struy  tlic  activity  of  or^uic 
fennt^nU.  Exactly  the  saiiif!  vim  found  to  be  the  case  witli  the  ool- 
lotdal  Rolulion  of  pliit.iniim.  A  gram-molccuUr  weight  of  hydrocy- 
anic a^itd  ill  I,(X)0,II0(M.  of  water  diminished  quite  appreciably  the 
activity  of  Utu  colloidal  platinum  toward  hydrogeo  dioxide;  and 
a  gram-molMuIar  weight  of  hydrogen  sulphide  in  34A,000  1.  of 
wat«r  grently  diniini.-«ht^d  tbu  activity  of  the  platinum.  A  ffram- 
molNular  weight  of  liydrop'n  sulphide  in  34^500  1.  almost  destroyed 
the  activity  of  the  platinum. 

However  close  the  relation  bclwc«n  tlieae  colloidal  solution*  of 
the  metals  and  organic  ferments  may  bo  shown  to  be,  this  rCCCnt 
work  has  given  an  entirely  new  interest  to  the  subject  of  colloidal 
solutions  in  general. 

COLOR  OF  soi,i;tions 

Color  of  Solutiana  of  Hon-eleotrolyt«i.  —  If  wc  arc  dcaliu);  with 
non -electrolytes,  i.e.  suhfltances  which  exist  in  solution  entirely  as 
noleciiles,  it  iii  obvious  that  th«  color  of  sin-h  solutions  is  the  color 
of  Uie  dissolvf-il  luoleciilcs,  provided,  of  coursv,  that  the  solvent  is 
colorlcM.  The  color  of  sueb  solutions  resolvra  itself  then  into  the 
question  of  the  color  of  the  moleadcs  themselves.  Our  lEoowledgs 
in  this  fi<'ld  is  not  yet  suffiinent  to  enable  us  to  dral  with  this  prob- 
Iciti  Katisf.irtorily ;  yet  it  is  quite  certain  that  the  color  of  molecules 
is  due  prim:irily  to  the  nature  of  the  chemical  atoms  which  enter 
into  the  moli^ciilcs.  That  constitution  also  has  an  influence  is  made 
clear  by  muiiy  facts  which  are  known. 

The  problem,  however,  which  is  of  special  interest  here,  deala 
not  with  the  color  of  molecules  bnt  with  the  color  of  lonsj  i.e.  with 
the  color  of  soiiiiioufl  of  di^^ociat'-d  substances. 

Color  of  Solutions  of  Electrolytes.  —  The  problem  of  the  color  of 
solutions  of  elecli'olyt«a  ts  simpler,  and  of  more  interest  from  our 
standpoint  at  present,  than  tin-  problem  with  non-electrolytes.  If 
tills  clt'ctiijlytc  is  «uiiplet<fly  dissiK'iiiti'd,  i.e.  completely  l)i'okcii  down 
into  ions,  it  is  obvious  that  the  color  of  sui-h  iwliitions  i.i  not  due  to 
tho  color  of  molecules,  since  there  are  no  mo]e^•ull^«  pn-sent.  Th« 
color  of  such  solutions  is  dne  to  the  ions  ])resent,  and  to  thi-se  alone. 

Some  iif  lite  con.<eqii end's  of  ihiti  coiiehiftion  from  the  tlioorj'  of 
electrolytic  dissociation  ari>  very  iiilereil.in;;.  If  we  have  a  number 
of  com])onnds  oontaininii  iiiiy  colorlesn  anions  combined  with  tbo 
eame  colored  cation,  the  solutions  of  all  of  theKC  suh«tanoes  should 
have  the  same  coISfi    Thus,  take  the  salts  of  cobalt  with  oolorleia 
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acids,  th«  chloride,  sulphate,  nitrate,  acet£it<<,  etc.,  clilnte  Kolutions  of 
all  of  Ihesc  salts  should  have  the  samv  color,  and  that,  the  color  of 
tlie  cobalC  ion,  since  Biich  solutiona  an  coroplcttOy  dissociate)  an<l 
the  «nioD  in  each  case  is  colorless.  Hcr«  the  fact«  coiitimi  th« 
llifroriF'.  All  such  saJla  have  exactly  the  same  color  in  dilute 
Aidiitioiis. 

CooTcraely,  if  we  have  colorless  cations  combined  wltli  a  colored 
auioii,  Uie  soluliona  of  the  compounds  formed  should  bare  the  same 
color.  This  jirobloiu  has  been  very  tboioughly  investigated  by 
Ostwald.'  He  jireiwred  solutions  ol  a  number  of  sahs  of  perman- 
ganic acid  with  colorleittt  cations,  such  aa  ]K>tas»iinu,  sodium,  ammo- 
uiuiD,  lithium,  hariuni,  tnac"^ ■"■>■■  alumialura.  zinc,  cadntium,  etc, 
and  thfti  uttidiifi  the  aliMorjiLiuu  stjteetra.  If  our  theory  i»  correct, 
Kolulious  (>r  all  of  thestc  )iubittiinoc4  itliould  have  th«  same  color,  wliicfa 
is  to  suy  that  thoy  should  all  have  llic  aa-iac  »hsorptii>n  bands. 
Those  bunds  wore  both  carofuUy  nicanurcd  atid  pliolu};>'^>hed  by 
Ostw^itd.  Tbrw  salts  show  fivi-  nlisurpluin  liands  in  th<r  yellovr  and 
green,  and  four  of  lliesc  wen-  nieasiiriMl  fur  thirlecn  salu  of  perman- 
^stnic  acid.  The  results  of  Ostwald's  nicasiircincnts  aiu  ^ivon  iu  tho 
following  tabic:  — 

Pkkmaxganatks.     Ausoiii'tiox  Baxi>s 


1 

It 

iir 

tT 

IlydDjj^eii    .        ■        .        ■ 

21501  ±  0.5 

2608  i  0,8 

2WM  i  0.7 

2013  ;e  1.7 

rotasiiiim   .... 

2(1()0  i  1.3 

■jmi  ±  0. 1 

2803  i  0.9 

21' 13  ±  M 

Sodliim         .... 

mu  ±  1.2 

aiiiw  ±  o.« 

2»o:t  ±  «.T 

•iiin±  0.B 

AiiiiiJ^iiium         ,        ,        . 

2801  ±  l.:l 

aimn-t  1.4 

seoa  ±  0,1 

2013  ±0.1 

Lithium       .... 

2602  ±o.a 

a7oo  ±  o.ii 

2804  i  0.8 

20H  ±  1.7 

Barium        .... 

'sem  ±  o.« 

•am  ±  ox 

2tiOI  ±  0.0 

21>i«±1.3 

Ha^nestant .       .       ,       . 

•urn  ±  as 

2700  ±  o.e 

2602  ±  0.7 

21112  ±  l» 

Alumlnlani .... 

2803  i  0.4 

aipo  ±  0.8 

asOJiOJl 

201*  ±  0.7 

Zlno 

aeoa  ±  0.5 

2(100  ±  0.: 

2»02  ±  1.2 

2912  ±  1.1 

CobtCt 

aeoi  ±  0,3 

aisonifl.i 

SH03  ±  0.0 

21II2  i  1.7 

Hichvl 

2003  ±  0.6 

2700  ±  0.7 

2S04  ±  0.7 

201S  ±  IJ8 

C«diiiiuin    .... 

2600  i  0.1 

2700  ±  0.2 

2803  ±  0.8 

2913  ±  1.4 

Copprr        .... 

3002  :±:  )J£ 

2009  ±  0.1 

2«03  ±  0.0 

2013  ±  (K8 

Ostwald  concluded  from  these  results  that  the  absori>tion  spertra 
of  all  the  thirleen  salts  are  exactly  the  &aiiie,  to  within  the  limit  01 
error  of  measure  men  t. 


»  ZU<Ar.p>isi>.  Chtm.  B,  670  (1808). 
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The  spectra  of  ten  of  the§c  salts  wore  pliot^irraphed,  the  one 
directly  over  the  other,  and  tlie 
tedults  are  given  in  the  accoiii- 
panpng  ligtire.  The  agrcempTil 
between  the  position  and  fhar- 
tteter  of  the  bands  is  so  striking, 
that  tliere  ia  no  room  for  doubt 
that  these  salts  show  the  same 
abBOrption  bands. 

In  addition  to  the  permangan- 
ates Ostvald  studied  a  number  of 
olasHea  uf  aiibatanoes.  The  abaor!>- 
tion  spectra  of  ten  salts  of  fluo- 
resoeVn  were  also  photographed. 
The  liantbi  here  a^free  as  closely 
in  [lO^ition  and  iialiim  as  with  thi^ 
pcriniuiJi^nHtvs.  Suits  of  cosin 
yellow,  cosin  bhu'i  iiHlocosin,  nn 
xolic  acid,  diMorrsorcin,  rlc,  with 
colorless  e-ations  wer*'  made,  and 
the  absorption  bands  of  each  class 
of  compounds  compared.  Then 
salts  of  colored  bases  with  color- 
less acids  were  prepared  and  Stud- 
ied. These  included  especially 
p-rosaoiline  and  anilme  violet. 
The  results  with  p-rosaniline  are 
given  lielow.  The  absorption 
band  which  was  raeasured  ii  in  Uie  yellow>green. 


Fia.  92. 


P-IIOSAXILIN'R,   DlMJTlOX   MOO  L. 

1.  Lemlinio  ncSd  .    ,    . 

s;is  ttos 

11.   Ilypomlphnrle  oeld  . 

2716  i  I.I 

S.   Acptlc  acid    .... 

S716  i  1.4 

la.   Ti-lelil«rlnc(lc  acid     , 

2716  ±  0l7 

9.  Chlorrc  a.M  .... 

STIS±0.4 

It.   (ilyculic  ncid     .    .    . 

21U  J:  M 

t.   Benzoic  af  Id .... 

2114  ±  I.I 

14.  I'liihnlBnilloBcid  .    . 

2718  ±  IJS 

A.   IljilrorliloTk  !ii^ld  .    . 

MlUi  1,1 

IS.    iVrchlorli'  ii^ld      .    . 

■2:li±  13 

6.   Siil{iliiiilllc  »ciil      .    . 

STia  ±  1.3 

14.  tSulkyllv  acid  .    .    . 

2715  :t  U 

T.  Kiirioadd    .... 

ST16±0.S 

IT.   MuaoclilomcMic  sl'IiJ 

27161  1^ 

1.  PhihalBmodMMGtlc 

A«Id 
9.  Batjric  a^ld .... 

27U±  1.4 

IV.    l.acllc  acid  .... 

2716  ±  I.Q 

2716  ±  1.-1 

It.    0  iiltrob»ni«<c  aclil  . 

2715  i  U 

U.  IlieoylpiupioKc  scid  . 

2716  i  0.9 

M,   Sulphuric  »cid.    .    . 

7716  ±  0.« 
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These  Insults  were  kIso  photographrd,  and  the  Absorption  baii<]«  of 
th«M  twenty  »alt«  are  showti  in  Fig.  33.  Tim  figiirrs  Imrc  th« 
esme  aignificanc«  in  the  plat«s  us  in  the  tables.  OstwaliJ's  work 
included  about  3<>(>  compounds,  in  some  of  which  the  cation  wns 
colored,  while  others  «ontaiiii>d  a  oulortnl  anion.  He  concluded 
from  this  vkliuraU!  iiiv  en  ligation,  that  nalt^  with  one  and  the  same 
colored  ion,  in  dilute  Holutions,  always  have  the  same  spectra.     If 


Pia.  33. 

both  ioim  wpre  polnred,  the  color  of  the  solution  woiiM  be  the  s'-iin 
of  the  colors  of  the  two  ions.  The  color  of  completely  dissociat^l 
solutions  is,  therefore,  ati  additive  proi>erty. 

Change  in  Color  with  Change  in  Eleotrleal  Chuge.  —  An  ion 
having  the  same  cliPuiK'n!  romiiositioti  dm-s  imt  alwavs  liave  tiiesame 
color.  Take  thr  ion  Fc(CS), ;  in  potassium  fermc-vnnide  it  ts  yellow 
and  gives  the  yellow  color  to  a  solution  of  this  salt.  The  ion  in 
this  ease  is  formed  by  the  dissociation  of  the  salt  K,F«(CN)(  into 
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,  *      *      *      *  - 

K  +  K  +  K  +  K,  and  Fe(CK)«  which  carries  four  negative  cliargea. 

The  ion  Fe(CN)e,  obtained  by  tlie  dissociation  of  ]>otassium  ferri- 

cyuiide,  is  red.    The  coiuiwund  K,F«(CN)(  dissociates  aa  follows: 

K,Fe(CN),  =  k  +  K,  +  K  +  Fefc^v  The  ion  Fe(ONV  in  this  oaae, 
carries  three  negative  charges,  and  the  difference  of  one  cliar^e 
changes  the  color  of  the  ion  from  yellow  to  red, 

Af^u,  take  the  ion  Mnt),.     If  it  is  funned  by  tlie  diaaociation 

of  potassiiini  permanganate,  KMnO,  (KMnO,  =  K +  MbO,),  it  is 
purplish  red,  and  gives  Ihe  chaiatleristic  color  to  a  solution  of  this 
salt,     if  it  is  formed  from  [lotassiunk  uianganate, 

K,MiiO.  =  k  +  k  +  m'iO„ 

ititgrwn.  In  the  first  rast^  iL  larric*  onti  ni'ttativc  charge,  in  the 
S«coad  C«se  two ;  and  tliis  difTeri-Hi-e  in  vtoetricul  condition  produces 
R  change  in  color  from  {>ur])le  to  K^c^n. 

FiniUly,  to  take  n  siinplfrr  exiimptc;  Tbo  iron  ion  In  the  ferrous 
eonditiou  is  green,  as  is  sciii  in  «ohitionB  of  ferrous  salts;  while 
the  iron  ion  in  the  ferric  condition  is  yellow,  as  is  seen  in  solutions 
of  ferric  salts.  An  almost  unlimited  number  of  examples  of  changes 
in  the  color  of  ions  with  change  in  the  electrical  charge  which  they 
carry,  might  be  given. 

One  other  point  should  be  mentioned  in  this  connection.  An  ele- 
ment in  the  form  of  aii  ion  may  have  its  own  definite  characterislie 
U|l|!<xr.  When  this  element  is  combined  with  other  elements  to  form 
nnoniflex  ion,  the  color  of  the  complex  may  have  no  simple  relation 
P^I^Dl'flf  the  element  wlien  present  alone  as  an  ion.  The  cobalt  ion 
Ml  mH.  IVhen  coniliined  with  cyanogen  to  fonu  a  complex  anion  it 
in  colurk-HS.     Thus  the  oum[)uund  K,Co(Cy),  dissociates  into 

K  +  k  +  k+Co("cX). 

Mid  the  solution  of  tim  compouni)  Is  colorless.  Here,  nUo,  oian^ 
examples  arc  available. 

Theory  of  Indicator*.  —  WV  have  jnst  swu  that  molecules  may  bo 
colon-il,  giving  the  fhaniclcristie  color  to  solution.i  of  umlissoctatcd 
substances ;  and  that  ions  also  may  be  colored,  giving  the  color  to 
completely  dissociab^d  solutions.  A  molecule  may  have  the  same 
color  as  the  ions  into  which  it  dissoviHt4!s,  or  it  niay  hav«  a  difftireiit 
color.  A  colorless  molecule  may  dissociate  into  ions,  ono  or  moru  of 
which  is  colored ;  and  a  colored  molecule  may  dissociate  into  color- 
lees  ions. 
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U{Kiii  tliese  fiLvtH  is  biu«il  tli«  use  <>f  inilicnlors  in  tgiuLtititative 
analysis.  An  iiiiliraUir  ix  :i  <-ciiiijN>iin<t  uhii'li  kIiooh  il  clumgi>  of 
color  wltvn  the  iwihilion  })ii.i.-su]i  fiuui  ihv  lurii)  to  Ui<:  Ikuiu  coiulition, 
and  vicv  vttva.  An  iiiilivat^r  is  iilnnj's  vithfr  a  w4uik  nctj  or  a  vreak 
base,  whicli,  on  ilissfXHalion,  vi<rMs  au  ion  wbicli  lias  »  ililToix-«t  irolor 
from  the  inokrulv!  ibiclf.  IndiMitors  fall  thi-n,  imliirHily,  into  two 
daaseSt — acidic  indictitorH  and  basic  indiuators.  As  an  cxftinpleof 
an  acidic  inttieatar,  we  will  take  first  pheiiotiilitliak'in.  This  is  a  w>.-ak 
acid,  which  means  that  in  the  pre^n<-e  of  water  it  is  very  sliglitlr 
diaaociated,  if  it  is  dissociated  at  a!I.  The  mole^^ulcs  of  |>henol- 
phthalelu  are  colorless,  as  is  shown  l>y  the  fact  tliat  au  aqti«oua  or 
alcoliolio  solution  of  this  siil^taure  is  colorless.  If  a  solution  of  a 
strong  l>a^-  is  added  to  phenolplithalein,  the  salt  of  that  base  ia 
foriui^d.  This  salt,  like  most  iialts,  is  readily  dissociated  iu  tlie 
presoiuM  of  water.  The  salt  of  phenol  phlbaleln  dissociates  into  the 
cation  of  the  base  and  the  eoiuptex  organic  anion;  e.g.  the  sodium 
salt  disHtxiates  into  tbe  caiiitn  KiHlinm  and  tbe  roniplex  organic 
anion;  and  it  i«  this  latt«r  whicli  gives  tlie  cliaracteristic  color  of 
tbiif  indicaTor. 

Ill  iisuiii  thi«  indicator,  a  sniall  quantity  in  brought  into  tbe  pres- 
ence of  tbi-  ai'iil,  which  in  to  bir  titruti'd  njcainnt  n  stroiiK  Ikim-.  TIiv 
indicator,  in  the  prcRcnco  of  pnrc  waltrr,  is  almost  oomjiltflely  uudis- 
sociat*^).  In  tb«  presence  of  the  strong  acid  which  cont-ain!«  many 
free  hyilro'^en  ions,  it  would  be  i)i«siieij)t4-d  even  less  th.nn  in  pure 
wat«i',  as  we  shall  Icani.  An  nlkali  is  aikied  and  tlie  str^mi;  tu:id  is 
all  neutralized.  The  moment  nn  excess  of  alkali  n  present,  it  forms 
a  salt  with  the  phenol  phi  haletn.  This  salt  dissoi^iates  at  once,  and 
the  colored  anion  gives  its  ehaiacleristic  color  to  the  solution. 

P/ieitoliihthatein  cannot  be  iwed  with  weak,aciils  iior  uvojb  btitet.  If 
tlie  acid  is  so  weak  that  its  salts,  even  with  strong  basra,  are  hgdrot- 
yierf.  i.e.  broken  down  by  water  into  the  free  acid  and  the  free  base, 
till-  froe  bujie  would  begin  to  react  with  tlie  phenolplithalein  long 
before  enough  base  had  been  added  to  completely  neutralize  the  acid. 
The  ri'Kult  would  be  the  a])]>eai'ance  of  a  faint  color  on  the  addilion 
of  a  littb-  alkali,  and  this  color  would  increase  in  intensity  as  mon- 
and  more  ;Ukiili  wan  abided.  There  would,  then,  be  no  sharp  cban};? 
iu  color  wbtm  all  the.  acid  had  lieen  neutralised,  and  tbe  indicator 
would  \m>  practically  w<u-lJiless  in  such  ciwcn.  Tbu«.  carbonic  ani) 
phos]>borie  xcidn  and  the  jibeiiols  cAnnol  Wi  titruteil  witli  phenol- 
pbthaletn  n«  an  indicator.  If  u  weak  base  im  nsi^l,  Kuch  as  ammonia, 
there  will  also  be  a  wrtiiin  amount  of  hydrolyHis  of  the  salt.  Tliie 
will  leave  some  free  basu  present,  which  will  react  with  tlie  phe- 
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Qol]>btIiaieIa  and  give  vise  to  a  gradual  chanfte  in  color.  Uut  eren 
if  tke  auiiiioitiiuii  aalt  of  the  OKni  vrhicii  in  Wiuj;  tilratvd  is  not 
hydrulyjied  bjr  water,  aiuDiouia  oaimot  be  UHed  with  jilicnulplithaleln. 
Amiiioiita  is  a  weak  base,  and  plienulphtliiilofn  is  a  weak  itvid,  and 
Ute  tall  of  llie  two  would  itti-df  lie  liyilrolvzwd  bjr  watvr.  Tbe  iudi- 
catar  would,  therefore,  not  iUit  sharply  whvii  ammonia  vtuk  used  as  a 
basu. 

It  is  well  known  that  ttii-  facts  Rgrof?  very  satisfactorily  witli  the 
thmry.  l')i<-ii(>l[>hthiLK-ln  ainiiot  be  \iwd  as  an  iniiicntor  with  either 
W4»ik  auids  or  wt-ak  hhsvu. 

AnotliLT  vxitin|>k')  of  mi  arid  indicator  whose  molecules  are  nearly 
c.olurU'ss  and  whoso  anion  is  colored,  is  p-nittnpKenol.  In  alcoholic 
sulutioti,  in  which  the  suknttanco  is  almost  un<ltssocinte<!.  it  is  nearly 
colorless.  Wal*r  dissociates  it  slightly,  and  consequently  the  aqueous 
solutioti  is  slightly  colored.  If  an  alkali  is  added,  Uio  salt  of  this 
weak  acid  is  fonned,  and  this  dissociates  into  lite  mei.-Ulic  cation 
and  into  the  anion  <.gH,(XO()0,  which  is  deep  yellow  in  rolor.  The 
action  of  this  substance  as  an  indicator  will  be  undcrntootl  at  onoe 
from  the  above  de«crtplion  of  the  aelion  of  phenol  ph thai ein. 

Liitmut  is  ati  exain])l<.'  of  an  ai-td  indicator  wIhini*  niolt-culeA  are 
colored,  hut  whowe  anion  hns  a  different  oolor.  Tli'^  inoli-culi^  of  tbe 
weak  litnnis  m^id  nrv.  rv\.  When  an  alkali  is  added,  thv  salt  is 
foniii'd,  iuid  thin  disnociat4!S  giving  the  frt^c  litmus  anion,  which  is 
d«up  hlue.  Litmus,  like  phenol phtbalvtn,  cannot  ]k  usett  satisfao- 
torily  with  weak  bases.  These  would  form  salts  with  the  litmus, 
which  would  bc>  hydvolyxed  and  prevent  a  sharp  cwlor  teoctioD ;  or 
thr'iT  tudls,  with  any  but  the  atroogest  acids,  would  undvt^  sune 
hydrolysis  and  prevent  a  sharp  appearance  of  color.  In  order  that 
litmus  should  be  used  in  titrating  weak  acids,  only  tbe  stoongMt 
Imlhts  can  Im  einp1<iy<N]. 

An  anid  indicator  which  can,  however,  bo  us<>il  with  weak  basea 
is  m/ihi/l  nraafii:  This  is  a  considc^rably  strongiir  acid  than  tbe  indi- 
cators which  we  liavc  already  considcicd.  The  molciculcs  of  tlie  free 
Mid  ar«  njd,  tbe  anions  yellow.  In  the  presence  of  a  strong  acid 
we  have,  therefore,  the  charaot*ri»tic  red  color :  while  in  the  presence 
of  a  base  the  salt  is  formed,  and  this  dissociates,  yielding  the  yellow 
anion.  This  indtcatoT  can  he  nscd  witli  weak  basea,  provided  tbey 
are  titralnl  with  strong  acids.  In  these  cases  ther*-  i.t  but  slight 
hydndysin  nf  the  salts  formed,  and  also  but  sliRbt  hydrolysis  of  the 
salt  formed  hy  the  methyl  orange  and  the  weak  base,  since  Che  indi- 
cator is  a  fairly  strong  acid. 

lu  the  above  discussion  of  acid  indicators  it  will  be  seen  that 
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weak  acids  must  always  be  titvated  with  strong  bases,  and  a  weaklj 
acid  indicator  may  be  employed. 

Weak  bases,  on  the  other  hand,  must  be  titrated  with  stroog 
acids,  and  a  strongly  acid  indicator  must  be  employed. 

Basic  i)idicators  are  but  little  used  in  practice.  As  an  example  of 
this  class  we  may  take  cyaiiine.  This  ia  a  weak  base,  and  therefoni 
but  little  dissociated.  The  molecules  are  deep  blue  in  color.  In  the 
presence  of  au  acid  a  salt  is  formed,  which  dissociates  into  the  anion 
of  the  acid  and  the  cation  of  the  base.  This  very  complex  cation  is 
colorless ;  consequently  tlie  indicator  is  blue  in  the  presence  of  a 
base,  and  colorless  in  the  presence  of  an  acid. 

The  examples  considered  above  suffice  to  illustrate  the  different 
types  of  indicators,  and  to  show  how  satisfactorily  their  action  is 
explained  in  terms  of  the  theory  of  electrolytic  dissociation. 

A  Color  Semonitration  of  the  Sissociatiiig  Action  of  Water. — 
Jones  and  Allen'  have  worked  out  a  color  demonstration  of  the  dis- 
sociating action  of  water,  which  is  based  upon  the  principle  of  indi- 
cators just  considered.  If  to  an  alcoholic  solution  of  phenolphthal^bi 
a  tew  drops  of  aqueous  ammonia  are  added,  there  is  no  sign  of  the 
red  color  of  the  indicator.  If  water  is  now  added  to  the  alcoholic 
solution,  the  red  color  appears.  When  potassium  or  sodium  hydrox- 
ide is  substituted  for  ammonia,  the  red  color  appears  at  once,  without 
the  addition  of  water.  There  is  thns  a  marked  difference  between 
potassium  nr  swlium  hydroxide,  and  ammonium  hydroxide. 

It  would  be  difficult  to  interpret  these  facts  without  the  aid  of 
the  theory  of  electrolytic  dissociation.  In  the  light  of  this  theory 
they  are  perfectly  intelligible. 

^Vhen  a  few  drops  of  aqueous  ammonia  are  added  to  several  cubic 
centimetres  of  alcohol,  little  or  no  dissociation  of  the  ammonium 
hydroxide  is  effected.  The  addition  of  water  dissociates  the  base, 
the  degree  of  dissociation  depending  upon  the  amount  of  water  pres- 

ent  with  respect  to  alcohol.  The  presence  of  the  ions  NHj  and  OH 
would  cause  the  phenol phthalein  to  dissociate  into  — 

<CiiH,\  _    A\ll,0         + 
>C<  -I-  H. 

0   '^      ^CJI,OH 

The  complex  anion  gives  its  characteristic  color  to  the  solution  in 
which  it  is  present.  The  hydrogen  and  hydroxyl  ions  would  then, 
combine  and  form  water. 

It  is  possible  that  the  actual  course  of  the  reaction  is  somewhat 

1  Amtr.  Chem.  Joara.  18,  .177  (1800). 
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different  from  that  just  described.  It  may  be  that  the  siumonium 
lirst  Doinbines  witli  the  phenol phtliulWo  iii  the  alcoholic  §olijtion. 
The  luldition  of  water  would  then  dissociate  this  compound,  giving 
the  colored  anion  referred  to  above. 

The  dissociation  thcoiy  i'urni§hes  this  explanation.  It  remains 
to  detenuiue  whi-lher  the  explanation  la  tnie. 

If  it  is,  then  a  solution  formed  by  adding  a  little  atjtinouit  ammo- 
nia to  a.  considerable  volume  of  alcohol,  should  ahavr  littlv  or  no 
diasociation,  and  the  amount  of  ihc  dis^iK-iiiiiou  .thould  incmjuMr  with 
the  a^ldition  of  water.  Solutions  of  potansium  or  srHliutn  hydroxide, 
in  mixtures  of  alcohol  and  water,  ahoidd  lie  more  diitMH-iati.-4  than 
corresponding'  soUitiim.i  of  ammonium  hydroxJdi-.  Indml,  a  solution 
of  Hoiliura  or  [HitasKium  hyilroxidn  in  alcohol  a!on«  .ilimild  manifest 
sonic  di.isoi'iation,  nince,  as  Klatvd  above,  it  gives  the  color  n-action 
with  ph(;.iii)lphth<ile[n. 

All  of  these  ]>oi»ts  were  tested  experimentally  by  the  conduc- 
tivity method,  with  the  result  that  the  theory  of  electrolytic  disso- 
ciation was  conlinned  at  every  point 

This  experiment  furnishes  a  satisfaetory  lecture  demonHtration  (J 
the  dissociating  ai  titin  of  water.  A  few  drops  of  an  alcoholic  solution 
of  phenol phthalcVn  tin--  placed  in  a  glass  cylinder  and  diluted  to,  say,  fiO 
CC  by  the  addition  of  alcohol.  A  few  drops  of  an  aqueous  solution 
of  ammonia  arc  then  added.  A  red  color  may  appear  where  the 
aqueous  amuiunia  lirat  cornea  in  contact  with  the  alcoholic  phenol- 
phlhalefn,  but  this  will  disappear  instantly  on  shaking  the  cylinder, 
leaving  the  solution  with  a  yellowish  tiut,  po&siWy  due  to  the  forma- 
tion of  the  ammonium  salt  of  pheuulphtbalein.  Water  is  (bi:n  gradu- 
ally added  to  the  cylinder,  when  the  red  color  will  apiiear.  at  lir.tt 
faint,  then  stronger,  a:i  Uie  amount  of  water  increases.  Whi-u  thn 
rnd  color  haa  become  iutetise,  add  a  oonaiderable  volume  of  alcoliol, 
and  Uie  entire  color  will  disappe.or,  leaving  the  solution  slightly 
yellow  ag;iin. 

Fluoretcence  and  DJuociation. — Closely  connected  with  the  color 
of  solutions  is  the  ll»ii)ri'M;enrc  shown  by  certain  substances  in  solu- 
tion. When  a  substance  like  tluorvsccl'n  is  brought  into  the  pn-sence 
of  water,  it  disaolvcs  to  only  a  slight  extent,  and  the  solution  formed 
is  only  slightly  Buor«sccnt.  If  to  fluorescein  in  the  presence  of 
water  a  little  alkali  is  added,  an  intense  fluorescence  appears  st- 
ance. This  is  satisfactorily  interpreted  in  terras  of  the  diKsix-ialjoi* 
theory.  Fluorescein  is  a  weak  acid  only  slightly  soluble  in  water, 
and  very  alighlty  dissociated  by  it.  Being  an  acid,  it  would  disso- 
ciate into  a  hydrogen  cation  and  a  oomplei  organic  anion. 
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Tbe  hyitrogdo  cation  is  evidently  not  fluuri-scviit,  since  all 
yicli)  liv(iru|tt;ii  cations  as  one  of  tJie  prodticts  of  di.tnociatiou,  and 
itolutions  iif  iLcida  iu  general  &re  not  tluurvni^nL  Tlii;  fliioreitci^ncc  of 
Huorf»(Teyii  must-.  Illicit,  be  due  to  the  rouiiilex  organic  union  foniicd 
AS  thv  priiducL  uf  dissutrialiuu  of  Uit*  fltiurcsccln  molt^tilv.  ■ 

If  tilts  in  tlie  trne  ex]ilmiiition  uf  l!ic  fluon;sccn<:«  of  this  sub- 
stance, then,  if  we  conld  iiK-rpiisc  tlur  dissoi-iation  of  HuoreHOotin  by 
any  moAUs,  w<;  slioulil  in<!n>as(!  the  flunrcs<ri;ncv.  sinc«  wc  would 
iDcrcase  the  number  of  Hiiurcscent  luns  prciM^nt  in  the  sotutioti. 
This  L-ao  be  accuiii|i1i^h«<l  by  adding  an  alkali,  which  fumifta  salt 
with  the  fluorescein-  This,  liko  all  other  saltH,  dissociates  readily  i 
the  ]>rcsaice  of  water,  and  we  have  a  large  number  of  fluorescent  ioDS 
formed  /hence  the  increase  in  fluorescence  on  addition  of  an  alkalL 

It  is  somottnies  stated  that  in  this  and  similar  cases  we  have  tha 
alkali  salt  formed,  and  it  is  this  salt  which  is  Huorescent  aa  suoh^ 
It  should  be  stated  here,  that  it  has  been  shown  that  under  such 
conditions  there  is  not  a  trac«  of  the  alkali  salt  of  fluoresecVn  pres- 
ent iji  the  solution,  if  the  solution  is  very  dilul*.  It  can  lie  hIiowii 
by  any  of  the  well-established  methods  for  meaituring  dissoi'intion, 
that  ail  of  the  salt  present  U  broken  down  into  lon^  and  that  tlicre 
&]«  no  molecules  iu  the  solution.  If  tlieie  are  no  uiolecitles  preavnt 
in  the  auliitiou  but  only  ions,  it  is  obvious  that  the  fluoreitceuce  ctw 
he  due  only  to  the  ions. 

The  earlier  explanation  that  the  ]ihenomenon  olHterved  here,  and 
also  the  phenomena  oljserved  with  indicators,  were  due  to  the  forma- 
tion of  nikali  salt%  and  tliat  these  |)eriit!>ti>d  jtK  such  in  tlie  MihitionS) 
^vinK  the  charaeteristic  projM'rties,  has  tiivcii  wiiy  in  the  light  of 
the  ilisi'ijverios  of  modem  [ihysical  chcinisliT,'.  Wo  now  know  that 
in  all  snoh  cases  wc  are  clpaliiig  not  witli  molecules  as  Bui^h,  but  with 
tho  ions  into  which  they  disauoiate. 


OTHER  PROI'EUTIES  OF  SOLUTIONS 

Properties  of  Solatioiu  of  Non-electroljrtes.  — In  dealing  with  the 
properties,  in  general,  of  solutions,  we  must  clearly  distiitguisb 
between  solutions  of  undisaoclated  and  of  dissoctatei)  sidtstances. 
It  we  are  dealing  with  the  former  class,  the  dittMnlvcd  Kubstancea 
exi.1t  only  in  the  molecular  cundiiiiiii.  and  it  is  obviotis  that  jill  of  th« 
properties  are  tlie  properties  of  the  iliswlvt^l  molecules  plus  those  of 
tliv  twlvent.  If  we  are  dealing  with  aipn'ous  solutions,  the  properties 
of  irntfT  being  so  well  known,  wi-  can  iiastly  determine  what  are  the 
properties  of  the  dissolved  substauce. 
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PropertiM  of  SolntJoni  of  EJectrolytai.  —  If  we  are  dealing  with 
eleclrolytes,  the  prultlmii  i»  vrry  ilil[<^r(!iit.  The  molecules  are  more 
or  less  bi'okvii  down  into  ions,  luiil  at  very  high  dilutions  all  lh« 
molecules  arij  dissociat^il  into  ions.  The  proi»erties  of  such  Mihitions 
are  obviously  Dot  thi.>  ])TOiiirrtii.'8  of  molecules,  siiire  thftrc  are  no 
molecules  present,  but  the  prop^^rtips  of  Iha  ions,  whieli  an-  tlii^  only- 
units  present  in  the  uolution.  In  terms  of  the  theory  of  electrolytic 
ilissDciation,  the  pro]>ertio8  of  nomplctdy  dixsociated  xoltitions  are 
llie  ^um  of  the  pro]>ei'ties  of  all  the  ions  present  in  the  solution  — 
&re  additive.  We  have  seen  tt>»t  this  is  true  in  the  case  of  color; 
we  shall  see  in  a  moment  how  it  applies  to  other  physical  properties. 
Meanwhile,  a  word  in  reference  to  the  chemical  properties  of  com- 
pletely di»sociai<-d  sohillons. 

ChiuBieal  Properties  of  Completely  Dissociated  Solntioiu.  —  The 
ohemicMl  properties  of  solutions  which  contain  only  ions  must  te 
the  ('h<-ini<uil  projiertiea  of  Uie  ions  preaeiiC  Some  surprising  facts, 
howevi-r,  oonie  nut  when  we  study  the  chemical  properliea  of  ions. 
An  nlemeut  in  the  ionio  state  has  certain  definite  characteristic 
properties.  These  pro)>erties  l)ear  no  close  relation  to  those  of  the 
Mune  element  in  the  atomio  or  nioleeular  conditiou.  Takf?  the  ehs 
nivnt  whidi  has  often  lieen  cited  in  this  connection — chlorine.     One 

(be  most  cliariu^teristic  reactions  of  the  ion  chlorine  h  the  fonna- 
of  silver  chloride  by  eoniliining  with  the  ion  silver.  Chlorine 
in"  the  inolci^ulnr  condition,  iis  in  the  form  of  gaa,  or  even  when 
freshly  dissolved  in  wiitcr,  docs  wot  pn-cipilate  a  solution  of  silrnr 
nitrate^  Further,  chlorine  in  oompounils  tike  CHjCl,  (^Hi(['1,  etc, 
is  not  precipitated  by  silver  nitrate,  bcc-Ause  tliese  eom])ounds  are 
not  dissociated  by  wator,  and  the  chlorine  is,  therefore,  not  in  the 
ionic  condition. 

Again,  chlorine  may  even  exist  in  the  ionic  condition  am!  not  be 
precipitated  by  silver  nitrate,  if  it  is  in  combination  with  other 
elements,  forming  a  complex  ion.  Tims,  the  chlorine  in  potassium 
chlorate  is  not  precipitated  by  silver  nitrate,  although  the  chlorine 
forms  part  of  an  ion.     Potassium  chlorate  dinociates  thus:  — 


KOiO,=  K+C10^ 


The  chlorine  is  present  in  comMnation  with  oxygen,  forming  an 
anion,  but  it  has  lost  its  most  chancteristio  pru]>erty,  due  to  the 
presence  of  tlie  oxygen. 

Another  example  will  iUustiate  the  same  point    The  most  char- 
acteristic reaction  of  the  ion  S0«  is  ite  power  to  combine  with  the 
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ion  Ba  and  form  barium  oulpbate.    If  the  ion  SO,  is  in  oombioatioD 

with  a  complex  group,  it  may  not  precipitate  barium  sulphate  at  all. 

Thus,  if  sulpliurio  acid  and  alcohol  are  warmed  togethifr  there  is 

C  H  \ 
formed  the  compound      jj*/^*^"  etbyl-sulphuric  acid.     This,  like 

all  acids,  disHociatea  into  a  liydrogen  cation,  and  the  remainder  of 

the  compound  forms  the  anion — in  this  case  C,H^O,.  When  a 
solution  of  ethyl-sulphuric  aoid  is  treated  with  barium  chloride,  no 
precipitate  is  formed. 

These  examples  nuflloe  to  show  with  what  care  we  must  judge  of 
the  chemii^at  properties  of  snbntiuices  under  different  conditions, 
kuowitiR  ihfir  ijropt-rtifis  undir  jiiiy  one  net  of  conditions. 

Physical Propertiea  of  Completely  DisMciatedSolutiaiu.  — That  the 
phy^ii-iil  j>rupertle8  of  ci)uiplet<-ly  dis.iuciHi«d  solutions  are,  in  gen* 
eral,  additiv<>.  will  Ite  seen  fnitn  a  brief  account  of  some  of  Uie  work 
wliteh  hai  been  done  nn  sulutions  of  salts.  Only  a  few  physical 
propertii's  will  be  considered. 

Tlitt  iknaitifa  of  tolntionn  of  a  number  of  salts  have  been  studied 
by  J.  Tratibe.  When  a  suit  is  addvd  to  water,  tbpre  is  pi-odiiwd  a 
change  in  vohimp.  If  the  salt  is  completely  disaociatwl  by  the  watvr, 
this  change  must  be  the  sum  of  the  changes  produced  by  all  the  ions 
present. 

If  wo  represent  by  d  the  density  of  a  solution  cotitatning  a  jjcram- 
molvcular  weight  of  salt  having  a  molecular  weight  M,  in  g  grams  of 
water,  and  the  density  of  pure  water  by  iIq,  wo  have  an  increase  in 
volume  &.V  i  — 

d  da 

The  following  ohan^^s  in  volume  will  show  the  additive  Datur« 


of  this  property:- 

— 

RlfT. 

RCl 

UO.T      0.0    Nad 

17.7 

Knr 

(a,*) 

36.1      8.1    NsBr 

(9.0) 
36,7 

KI 

<I0.3) 
U.4      9,8    Nat 

(0.4) 
80.1 

The  differences  between  the  halogeiia  are  practieally  constant 
whether  they  are  combined  with  pnUutKium  or  .siKliuni.  Similarly, 
the  ditTcrences  lietween  the  alWiili--,'!  ar«  constant,  regardless  of  the 
tutuTC  of  the  lialogen  with  which  they  are  combined. 

The  change  in  voftimc  tn  ntatratiiatian  has  given  some  interesting 
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results  in  tlie  bands  of  Ostwuld.'  lie  moiuured  tbv  volumo  cliuig«ii 
producwl  by  iiuutraliiiiif;  pobwsiuiu,  sodium,  and  amiDonium  liy<lrox- 
ides  vilh  a  targv  number  of  acids.  Tliv  solutions  oontaiimd  a  gram- 
equiraleut  of  the  substance  in  a  kilu^frain.  The  cbauges  Ld  volume 
are  expressed  in  cubic  cvntituutres. 


1 

XOH 

Dirr. 

XaOB 

DWT. 

XHtOH 

DlTF. 

^   KlWoactd 

20.05 

(0.63) 

0,S8 

18,77 
(0,63) 

9a.si 

-«.44 
(0.13) 

S0.4S 

fljilrocblaria  acid    .     . 

19.61 
(0.<2) 

0.28 

10.24 
(0.*3) 

2A.81 

-.6.f,7 

(0.i;j) 

2S.00 

Hj-ilroliroiuic  wld   .    , 

(10.63) 

0.2fl 

10.34) 
(10. 4») 

za.fli 

(fl.B2) 

20.20 

Acctlo  Kcid     .    .    .     , 

9.ffiJ 

(11.78) 

0.U 

6.38 
(n.(H) 

2G.M 

-l(s.ao 
ni.;!0) 

2.V7* 

■    LacUcaciil     .    .    .    . 

8.S7 

(8.16) 

t).U 

6.13 
(B,29) 

26.87 

-17.74 
(7.81) 

26,01 

H    ^iulphnrlc  acid     .    .    . 

11.1)0 
(11.82) 

0.42 

11.40 

(11.84) 

2£.83 

- 14.36 
(U.IO) 

30,26 

H    ttucuiiuc  (tcid .    ,    .    , 

e,3» 

(IO.M) 

0.30 

7,93 

(lO.fiS) 

3G.SS 

-17.63 

(10.62) 

2G.S6 

B   Taruilc  ftcid  .... 

D.4I 

0.17 

U.24 

28.  B) 

-lO-BfJ 

20.37 

I 
I 


The  differences  all  refer  IkicIc  to  nitric  acid  as  the  standard.  They 
are  the  sanifl  for  two  ditfereut  bases  when  neutralized  with  the  same 
acid,  r^ardlcas  of  the  nature  of  the  acid ;  as  is  shown  by  t^e  piacti- 
callr  constant  value  of  the  "  differences  "  in  each  vertical  column. 

The  differences  are  also  the  same  when  any  given  acid  is  neutral- 
ized by  a  number  of  bases,  independent  of  the  nature  of  the  base;  as 
is  shown  by  the  constant  value  of  the  bracketed  numbers  iu  hori- 
zontal rows. 

The  minus  values  for  ammonia  mean  contraction  in  volume;  the 
positive  values  in  th«  oUiei  two  cases  mean  that  tlieie  is  an  expao- 
aion  in  volume. 

The  rr/rarfi'iv  jkhi^iv  of  irtrongly  dissodated  solutions  has  been 
studied  «si>ecia]ly  by  GladRtoii«*«jid  Le  Blanc'  The  former  showed 
that  Uie  refraction  equivalents  of  two  salts  of  different  metals  was 
independent  of  the  nnttire  of  the  lu^id  witli  which  the  metals  were 
combined.     And  the  converse  was  also  true;   that  the  refraction 

'  JovT.  prakt.  Chem.  [3'].  I*.  3S3  (1678). 

■  mt.  Ttmhm.  im».    KiuuNinEkoR :  Jour.  pivH.  CAnn.  [S],  81,  SIl  (1BS&). 
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vquivaJeuts  of  two  salts  of  difTerent  aci(U  waa  ladependeut  of  the 
nature  of  the  base  with  which  the  acids  were  ooubiued.  In  a  word, 
wc  havi!  i»  i-efractivity  a  distiuctly  additive  property  —  the  refrac- 
tivity  b<-iii};  iliv  aiiui  of  two  ouuHtants,  one  depending  upon  tlie  acid 
and  th«  otlior  upon  tin-  base. 

Optical  aetioitg,  or  tbo  power  of  salt  solution!)  to  Tottit«  U>o  plane 
of  polarized  light,  was  shown  by  Landolt'  tobi-  an  additive  property. 
Completely  dissociated  solutions  of  salts  containing  an  optically  Ac- 
tive ion  showed  the  same  rotatory  power,  if  the  concentrations  aro 
the  same.  This  was  confirmed  by  the  work  of  Oudeman.'  He  found 
also  that  alkaloids  show  the  same  rotatory  power  for  equal  coDoen- 
tratioiiR,  independent  of  tlie  nature  of  the  o]>tlcally  inactive  acid 
with  which  they  are  combined;  and  further,  that  optically  active 
aoids  «how  the  uanie  i-otatory  )>ower,  independent  of  the  nature  of 
the  inactive  base  combined  with  iheiu. 

In  R  similar  inaiitier  it  him  Iwwi  shown  by  Becquerel,  I'erkin,* 
anil  rmpocially  by  Jahn,*  that  the  viaijnHie  mtnttiry  power  of  com- 
plirtcly  dissociated  solutions  jm  an  u<ldiliv«  pmperty. 

A  niiinher  of  otln^r  properties  of  eompUilrly  di!S!«(H-iated  sohitions 
have  been  Ebown  to  bci  additive;  such  as  ■U7/<iCT'-(eiMwn,  inner  frietion, 
fieat  expansion,  loweriitg  of /reeeting-paint,  lowering  of  mpor-ttrnmott, 
ate.  Uut  those  t'oDsiderod  above  aro  quite  sufficient  to  show  tliot 
the  projierties  of  completely  dissociated  sohitions  are,  in  ijenoia], 
additive,  —  the  sum  of  two  constants,  —  ttic  one  depending  npoa  the 
anion,  the  otber  upon  the  cation. 

Additive  PropertioB  and  the  Theory  of  Electrolytic  fiissociatioa. — 
The  agreement  between  this  large  mass  of  facts  and  tho  theory  of 
electrolytic  dissociation  is  a  strong  argument  in  favor  of  the  general 
correctnass  of  the  theory.  The  imiMtrtauce  of  this  line  of  at^ment 
for  the  theory  waa  early  recognized,  and  was  pointed  out  clearly  and 
at  sonii;  li-iiKlh  by  Arrlienius'  when  he  proposed  the  theory  of  eleo- 
trolytic  divNociation.  He  then  took  up  a  number  of  the  properties 
which  wt^  have  considered  in  this  section,  and.  in  addition,  other 
physical  proiierties  of  sulutioiia  which  it  would  be  premature  to  cxni- 
aider  in  this  plare. 

These  facts  not  only  fall  in  with  the  theory  of  electrolytic  dino- 
ciation,  but  it  is  difhcDlt  tn  s*'t^  at  pritnt-nt  how  they  can  l>e  interpreted 
in  terms  of  any  other  tbi-urj'.  Tim  furt  thut  tliit  physical  prop<rrties 
of  dilute  solutions  of  electrolytes  aii'  ailditive, —  Le.  tlie  sura  of  two 

1  ner.  rf,  rhom.  (i'tfll.  8.  10T3  {1873). 

•  Beibl.  H'lW.  An».i.  lt.15  (lltflA).         •  Wtfil.  Ann.  48.  380  (Iftftl). 

•  Jovr.  Chem.  tfuc.  SB,  880  (lB»(tJ.       »  ZfKhr.pm-  CActi.  I,  031  (1867). 
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r^l^^ts,  —  would  certainly  indicate  that  the  two  parts  of  the  com- 
poimd  enjoyed  an  iude[>end«int  extsleiifie  lu  the  solution ;  or  at  least 
ou  exiiiteiicitsoneajly  iiideiMJinleiit  that  each  had  but  tittle  influence  on 
the  other.  Tlii.i  i$  at  onr«  a[iiiari!iil  when  we  cou.iider  that  the  prop- 
erties iif  eiK'h  [lart  of  tJii;  coinjiound  mjuiife^t  UieinselveH  a^  if  it  alone 
were  preeteiit.  Itiit  iiidepi.'^iHleTit  existence  of  the  iontt  is  but  anollier 
niLine  for  the  theory  of  dissiKiatioti. 
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SOLUTIOXS  IN   SOLIDS 

Solution*  of  Oases  in  Solids.  —  Many  solids  hare  tlie  property  of 
dissolving  guaes  in  Inrgn  ijimntitiejt.  Tims,  ehiuvoal  dissolve.t  lor^ 
volumes  of  earlwn  dioxide,  iJiilladiuui  hydride  diidtolveii  hydrogen, 
etc.  Our  knowlrdjii'  of  sui'h  solutions  is  jUinost  limited  to  tlic  fnet 
that  they  exist.  It  is  known,  however,  that  tlie  ({ri'iiter  the  pressure 
to  whirh  the  gas  is  subjected,  the  larger  the  quantity  which  will  b« 
absorbed  by  the  solid.  In  spuakiDg  of  solutions  of  gases  in  solids 
we  mean,  as  in  all  other  cases  of  true  sohitiou,  those  in  which  there 
ia  DO  chemical  action  between  the  gas  and  the  solvcDt.  The  fact 
that  gases  can  form  solutions  in  solids  ia  often  utilized  to  remove 
the  gaa  from  regions  where  it  is  not  desired.  The  solubility  of  a  gas 
in  a  solid  may  i>e  very  great,  indeed,  as  in  the  case  above  mentioned 
of  carlwn  dioxide  in  charcoal. 

SolutioM  <rf  Liquid*  in  Solids,  —  It  is  well  known  that  solids  have 
the  Ri-tioral  projieity  of  taking  up  many  liquids  in  greater  or  less 
(juatititii^s.  The  great,  diflii-iilty  in  obtaining  solids  free  from  water 
might  1)«  taken  tm  an  exaniptr.  Our  knowledge  of  the  pro^K-rtics  of 
such  solutions  Is  really  limit^tl  to  their  existence.  This  is  due  to 
the  favt  that  sneli  solutions  have  been  very  little  studied,  owing  in 
part  to  the  difficulties  involved  in  dealing  with  them.  In  sotutiona 
of  liquids  in  solids  it  is  difficult  to  say  just  when  chemical  action 
between  the  two  ceases,  and  true  aolutiou  begins.  Our  lack  of 
knowledge  in  this  field  is  also  partly  due  to  the  fact  that  the  concep- 
tions  of  modeni  physical  chemistry  ai-e  90  new  that  sufRcieut  time 
has  not  yet  elapsed  to  push  the  studies,  in  terms  of  these  concept 
douii,  into  remote  fields.  That  there  in  much  which  can  be  learned 
in  reference  to  aolutions  of  liijuids  in  solids,  will  pi-olKibty  he  shown 
in  tlie  not  very  distant  future, 

SolntioBi  of  Solids  in  Solids.  —  Hero  our  knowledge  is  much  more 

dsfaelory  than  in  <-ithf-r  nf  the  oases  which  wo  havi>  just  eonsid- 
Indeed,  a  .itudy  of  this  icitbject  will  show  how  intcrestlnft 
facts  become  when  some  one  has  pointed  out  their  meaning  iuhI 
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impori.-iiiiH-.  Tyittlu  or  iiiilliitiK  wax  lii-urd  of  solid  solutions  uutil 
Vun't  Huff'  [lubHslifd  bi»  huw  vrell-kiiuwn  \iii\ru-  aboui  elevea  years 
ISO- 

Willi!  i'I«ctrolytc8  arc  dissolved  in  water,  tlifty  give  abuonniilly 
large  <li'prvssitiU8  of  tho  freeziug-poitit  uf  the  sulvtiit.  To  uocuiiiit 
for  this  lUkd  allied  phonomeiia.  tlie  tli«orv  of  eki^trolytic  diHaoctation 
waa  proposed.  When  some  other  substances  are  dtssoIvciHn  xulvcnte 
other  thaa  "ater,  they  give  abnormaU'j  tmaJl  dfjirntxioiis  of  llin  /nx9- 
in^poiiit.  Thifl  couid  be  explaioed  by  assumiujc  the  pn.-j»onc«  oi 
complt^x  moleculea  of  the  stibH.tHnce  dissolved.  If  this  assiitiiption 
is  true,  tht-n,  as  the  dilutiou  is  increased,  tlie  complex  louleculofl 
aliould  (^railually  break  down  into  single  molecules,  and  for  vvty 
dilute  ftolutiisiH  tlie  molecular  lowering  found,  for  such  substances 
ftliould  a-n'ree  with  the  thtioretiual  value.  But  the  largest  value 
oblaiuwi  ex  peri  men  tally  fur  the  molecular  depression  was  euusidcr- 
ably  auiailer  than  the  calculated.'  Tlii*  led  Vaii'l  Hoff  to  suspevt 
that  when  certain  solutions  are  frozeu,  the  Niilid  which  separates  ia 
not  the  pure  .solvent,  but  a  mtxtiirn  of  Iba  mAoent  and  the  diasolvtd 
MuHtOauFt  forming  a  uoiui  solution.  TIik  fmrts  known  at  that  time 
whiuh  bore  on  this  point  were  then  eoikniilnred  by  Van't  iiofl[  in  the 
pa[)er  altove  eited. 

If  a  solid  Kohition  in  a  solid,  homogrneous  complex  of  several 
tubstauces,  in  which  thii  properties  can  chango  without  destrojing 
the  homogeneity,  then  examples  are  known.  In  isomorphons  mix- 
tures, us  the  alumtt,  tlierv  is  miseibitity  in  all  proportions,  c<HTe- 
sponding  to  complet«ly  ini.Hciblo  lit^uids.  Another  example  is  the 
formation  of  "mixed  crystals,"  which  are  to  be  distinguished  from 
double  salts,  and  by  their  chemical  composition  show  no  isomorphism. 
Aiumoiiiuin  chloride  forms  such  crystals  with  the  "  oua  "  chlorides  of 
iron,  mangaiii'sc,  nickel,  etc.  Ferric  chloride  is  taken  up  by  am* 
moDiiiin,  calcium,  lithium,  etc.,  chlorides.  When  enongh  ferric 
chloride  is  present,  the  tirst  two  form  also  a  double  salt,  wbioh  cwi 
be  distingui^shcd  from  the  mixed  crystal.  Further,  there  are  many 
colored  minerals  known  in  which  the  ground  mass  is  colorless.  Yet, 
Optical  investigations  have  shown  them  to  be  completely  homogdnis 
oos.  There  are  many  amorphous,  solid  solutions,  as  the  glasses  ajul 
hyaline  minerals. 

Spring"  has  furnished  the  following  interesting  example,  showing 

>  *■  0«lM>r  feste  LflHiiugeii  unil  Mnlehular^nwichtaboitimmiui);  an  tt«t«a  Rftr- 

pern,"  ZtJirhr.  phv.  Chrm.  S.  ^'^i  (IWH)). 

>  Kykman  ;  ?,li<-lir.  phy».  Vfn-m.  4,  4'J7  (ISWJ. 
•  Bull.  Soc  Chlm.  44,  IIU  (1686). 
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the  mutual  solubility  of  HoUds.  Wbeu  an  equimolecular  mixture  of 
barium  sulphate  and  aodiimi  carbonale  are  preasud  together,  a  double 
decoui[iaiitiDi),  aiuouutiug  lo  even  20  [mt  <!t.'iit,  takes  place.  U'liat 
an  equilibrium  should  ht;  established,  is  conceivable  ouly  on  the 
aasumiitimi  thai  wiUi  thi-  soiids  we  have  a  partial  misoibility, 

Propsrties  of  Solid  Solutioiu.  —  If  sulid  aohitiuiis  arti  a  ivality, 
thea  we  would  exjwot  lo  fiud  at  least  suiue  of  the  properties  of 
>u»  and  li<iuid  milutiuus  manifested  lo  a  grtraler  or  less  degree, 
is  the  ca.te.  Tlie  liijl'usion  of  a  solid  tJirou^li  a  solid  has  liecit 
dflUKHK&ated.  Whi>iu  buritiin  sulpliutn  and  siKliuni  ■■artiniiat«  were 
pressed  together,  and  tin;  prvhsuro  ri.-inov<;il,  l.hi-  t.niiiHfi>i'niaLi(>ii  con> 
tinned,  atul  in  sirvcn  days  umunut4.-d  to  fioin  T-t  to  8<)  por  ci-uL 
Ditlusiun  mu.>l  liuvr  cumti  into  play  here;  slow,  it  in  true,  but  this 
would  ht:  iuitici|)aliid,  since  a  gas  diHuses  through  a  ^um  far  nii>r« 
rapidly  tJian  a  liquid  tlirougli  a.  liquid. 

A  nic>r<!  striking  example  of  diffusion  in  soHds  whcrv<  no  cheoiicaJ 
action  cointts  into  play,  is  the  penctratioD  of  hot  purcL-lain  by  carbon, 
ilarsdvn '  proved  th;xt  wheu  a  porcelain  crucible  is  hi-atcd  iu  grapfaits, 
the  carbon  completely  penetrates  the  porcelain.  I'Nirther,  zinc  objects 
covered  with  a  thin  layer  of  copper  K-corne  gradually  white,  due,  aa 
analysis  has  shown,  to  a  graduaJ  iucre.ifie  of  zinc  in  the  copper. 
This  illustrates  the  diffusion  of  solid  in  solid  at  ordinary  tempera- 
tures. Van't  Hoff  lias  thus  funiished  examples  illustrating  beyond 
i]uestion  the  diffusion  of  solid  through  soUd.  Other  examples  of  the 
ditfuMion  of  omi  metal  through  atiother  have  been  furnished  by 
Bpriug.'  But,  jierhaps,  the  most  strikiug  example  of  the  diffusion 
of  i>nii  inf  till  thrniiKh  another  has  been  ruceutly  furuished  by  Uoberta- 
Austen.'  Di^k.-s  of  icuhl  vte.rv.  clainitud  lo  tbt:  bases  of  lead  cylinders, 
and  allowed  to  ntiiain  standing  for  four  years.  The  bases  of  the 
Icml  eylind*T5  wrrd  airefully  smoothed  and  the  disks  of  gold  espe- 
eifilly  clpaiu'd.  These  were  then  pIa<!od  in  a  vault,  whose  temperature 
wiw  pnwticalty  constant  at  18°  C.  At  thit  mkI  i>f  four  years  it  was 
found  that  the  disks  of  gold  had  udhpred  to  the  lead.  Slices  were 
eut  from  the  Irawl  cylinders  at  right  angles  to  th«  ax«i  of  the  cylin- 
df^rs,  and  these  were  then  assayed  for  gold.  It  was  found  that  the 
gold  hiKl  pi-nolrat0d  about  8  mitlimetn^s  into  tho  lead;  the  gold 
Iwiug  mora  concentrated  in  that  portion  of  thn  lead  disk  which  was 

qpntaek^'vilh  the  gold  plalf,  as  wc  would  i^x)]e<^t.  In  liquids  wo 
vkfrMnso  of  diffusion  in  otmotic  prfMurt.    May  not  ihe  diffu- 

>  Proc  Sdinb.  Sof.  10. 7b. 

■  Aopport  OoHitrru  ltntmmtoi»il  d*  Pkfilqne,  I,  412,  Purls,  IBQO. 

■  ATM.  Bog.  £toe.  «T,  lOt  (1900). 
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Sion  of  Solid  through  solicl  be  of  ftAv  originf  From  the  nature  of 
solid  solutions  it  b«i'Uie  to  Iw  iinpossiWtt  l«  di-tenoiue  this  directly. 
The  work  of  Cotson,'  however,  on  the  UilTu»i<iit  of  carbon  in  iron  has 
made  it  probable  that  a  proportionality  i-jLiicU  Ijntween  the  amount 
of  diffusion  and  the  concentration,  aji  with  liquid  solutioos  whose 
OSinotit:  prcsBure  olwys  lloyle's  law, 

nie  siniplost  connection  batwoen  Uwylc'B  law  and  the  other  laws 
of  osmotic  pressure  is  the  law  of  Henry.  If  this  applies  to  solid  _ 
solutions,  gases  must  be  dissolved  by  sulids  in  proportion  to  the  I 
gaseous  pressure.  Take  the  case  of  tlic  al)siirpT.iou  of  hydrogen  gas 
by  palladium.'  When  the  hydrogen  is  kcjrt.  iit  225  iiiiu-  ptt-ssure  and 
100",  the  palladium  will  take  up  a  quantity  corresponding  to  the 
oompouud  l'(l,H.  >'o  further  absorption  of  the  gas  will  take  place 
unless  the  pressure  is  increased.  After  the  cwiiipound  l'd,H  is 
formed,  ftuther  absorption  of  the  hydrogen  rcsult.t  in  the  formation 
of  a  solid  solution.  I'ur  our  consideration  only  the  hydrogen  which 
forms  a  solid  solution  comes  into  play. 

Let  P  represent  tlie  pressure  of  tlie  gas,  and  let  V  represent  the 
volume  of  the  gas  absorbed.  If  we  divide  the  pressure  by  the  total 
volume  absorbed,  miiiiis  that  volume  which  was  taken  up  to  form  the 
compound  PdjH  (in  this  case  COO),  we  have :  — 
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The  value  of 


is,  in  each  case,  as  near  a  constant  as  conld 


F-flOO 
be  ex|»ected  from  thi*  nature  of  the  ex|*priment8. 

.Siftce  Henry's  law  ImldK,  then,  fur  solid  solntionit  as  w<t|l  ax  for 
liquid,  wi>  have  here  also  the  nmnMc  prvxnim  Vjuvl  to  th'! 'jint-presattre 
for  the  same  concent  rati  on  and  temperature. 

Anotlier  well-known  fact  in  connection  with  a  liquid  solution  iaj 
that  its  vapor-teusion  is  less  than  that  of  the  solvent    In  fiolid  Bok 
tions  there  is  also  a  dimimUion  of  the  vutximuvi  tenakm  of  the  aotveHL\ 

'  Corapr  rftitl.  W,  1074. 

■  TrooHC  and  Hiiutt^fvulll? :  Ibid  1BT4.  CM. 
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d  diUiioimte,'  which  decrapitatea  very  easilj,  shoiring  consider- 
able tension,  has  tbia  tension  markedly  diiuiuished  bj  Cotmiug  witfa 
it  an  isomorphous  mixture  coutaiiitiig  a  uiiall  amount  of  the  calcium 
or  stronilum  salt.  'Vbv  same  holds  for  imii  alum,  wliuste  tousiun  is 
diminished  by  the  formation  of  an  isomor]>bou»  mixture  with 
aluminium  alum. 

This  diminution  in  tension  is  not  due  simjil}-  to  Uie  addition  of  a 
eonstitueut  whicli  has  a  smaller  tennioii,  ninait  tlii.i  tension  of  tlui 
mixture  is  lejis  tliau  that  of  eitht-r  (■mi^tiUient.'  Ttiitt  rlwreaw  iu 
Uie  tension  of  solid  solution))  nianlfitst-a  it«elf  in  tlie  decrease  of  nohi- 
tioi>t«nsion,  causing  a  decrease  iu  wilubilitjr.  Whni  saturated  soln- 
t'uMis  of  ammonium  iron,  and  auiumnium  aluminium  alums  an?  brought 
together,  aii  iitomiiiphou.s  mixture  of  both  salts  spparalcs,  showing  % 
dvcTvase  in  solutiou-U-.n.tton  or  solubility,  when  the  iwlid  solution  i« 
fornii-d.  Sut^h  aie  some  of  the  properties  of  solid  solutions,  nnd 
HOme  of  till'  analiiKXi-a  iM'Lwt-i'n  tlicse  ami  liquid  solutions. 

Kolecnlar  Weights  of  Solids.  —  To  determine  the  moh^vular 
weights  of  substanix-s  in  the  liquid  condition  we  rely  chiefly  upon 
liquid  solutions.  May  not  solid  soIutioDS  furnish  us  with  methods 
for  determining  the  moltrcular  weights  of  substBoecs  in  tbo  solid 
state  ?  There  are  two  possibilities ;  the  one  liaving  to  do  with  th9 
tension  of  the  dissolved  body ;  the  other  with  tliat  of  the  solvent. 

If  we  are  dealing  with  the  tension  of  tlie  dissolved  body,  the 
problem  reduces  itself  to  determining  whether  there  is  proportion- 
ality Itetweeii  the  gas-prossure  and  tlic  eonwntration  of  the  solid 
solution  formed  —  whether  in  any  giTen  case  Henry's  law  holds.  If  it 
does,  the  dissolved  gas  has  the  same  molecular  weight  as  the  free 
gas.  Thus,  hydrogen  dissolved  in  palladium  hydridv,  forming  a 
solid  solution,  has  a  molecular  weight  corresponding  to  H^     Were  it 


H|  or  H,  th«  valnes  of 


would  have  been  much  farther 


r-600 
removed  from  a  constant. 

The  seeond  method  deals  experimentally  with  the  relation  between 
the  composition  of  the  solid  solution,  and  the  liquid  solution  from 
which  it  wa.t  formed,  ff  the  dissolved  body  has  the  same  molecular 
weight  in  i)i)th  Kulutions,  this  relation  most  be  constant  To  deter- 
mine the  molecular  weight  of,  say,  thiophene  >d  the  solid  eohdition, 
prepare  two  solutions  of  known  ooncentration  of  thiophene  in  beniene. 
When  these  arc  frozen,  a  solid  solution  of  thiophene  in  bcnicne  will 
sepanite  in  each  case.     If  an  analysis  of  the  solid  shows  a  constant 

■  VoD  IUu»r  -.   rfrbnH'!.  't.  k.  k.  fftal.  Hriduauitalt,  ISTT.  103. 
*  Lebnumu  -.  3lulekiil<irj>li]r*ik,  I,  p.  07. 
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proportion&tity  betweea  the  amouDt  of  thiophene  in  the  solid  and 
liquid  solutions,  tJie  tluopheue  Ims  the  same  moleculai'  weight  iathe 
solid  as  in  the  liquid  form. 

Tbiofhsnb  IX  Bkxzkxe 
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Under  normal  dfijircssion  is  the  lowcriit));  which  would  have  bocn 
produced  li;id  no  sulid  si)!utii>n  Wvu  fonnod.  Siut-e  the  conii>08itian 
of  tlio  crj'Htnls  wliiih  separ.iti^d  was  not.  dctcrniin«d,  tli«  molecular 
weight  of  Miilid  thiiipht-ne  cwild  not  bu  calculated.     Tho  fact,  how- 

ev«r,  that    ^   ii*  >^  constant,  makes  it  probable  that  the  peromtagv 

of  thiophcnv  in  the  solids  whiuh  se^iarAtcd,  was  proportioiuJ  to  tliat 
in  the  ttolutions.  If  so,  thiopliene  would  hayo  the  same  moleculMr 
wei^'ht  in  Hic  m<Vu\  -m  in  tlip  ]ii]iii<t  solutions. 

Compounds  which  can  form  Solid  Solutions  with  One  Another.  — 
SincT  the  lirst  futidamciital  paper  appeared  on  solid  enhitions.  b; 
Vau't  HoGT,  the  study  of  sucli  solutions  has  been  devotod  to  two 
general  problems:  The  relation  between  the  ehemieaJ  constitution 
of  those  compouuds  which  can  form  solid  aolutioDs  with  one  another, 
and  the  determination  of  the  molecular  weight  of  solids  in  solid 
solutiouB. 

Most  of  our  knowledge  on  the  first-mentioned  problem  we  owe  to 
Ctamiciau  and  his  colaborers,  (larelli  and  Ferratiui.'  Tho  object  of 
this  work  was  to  test  the  chemical  relations  between  substancai 
which  are  necessary,  in  order  that  a  solid  solution  may  be  formed 
when  a  solution  of  one  iu  the  other  was  frozen.  It  was  already 
known  Lliat  phenol,  pyrrol,  thiopliene.  pyridine,  and  piperidine,  di*- 
solved  in  beu7.i-ue,  gave  abuormally  small  deprfiKtious  of  the  freoz- 
ing-pcunt.  This  would  iiidicat*  that  solid  solutions  arc  furinod  only 
between  those  substances  which  have  similar  chemical  constitntion ; 
but  tlie  data  wcro  too  meagre  to  establish  finally  any  such  relation. 
The  paper  first  cited  deals  only  with  cyclic  compounds ;  the  solvents 


»  Ztachr.  phyi.  Ckem.  U,  1  tl8M)  ;  18,  61  (1805). 
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I  used  being  benzene,  naphthalene,  phenantlirene,  and  diphenyl.  To 
determine  whether  a  solid  solution  was  formed,  the  freezing-point 
method  was  used.  Whenever  a  solid  solution  of  the  dissolved  sulv 
stance  and  the  solvent  »e|)arated,  the  freesing- point  lowering  would 
be  alinoniially  .imall.  It  was  shown  that  the  following  substances 
form  iHolid  solutions  witli  the  solvetit  indicated  just  above  in 
Italics:  — 
Bename. 

Tbiophflnc,  pyrrol,  pyritUne,  pyrroline,  anil  pii>cridi««. 

rndol,  indine,  qniuoline,  tsoquioolim',  and  tetrahydroqninoline. 
Pkmanlhjvne. 

Curhazyl,  anthracene,  ai-ridine,  and  hydrocarbtwo]. 
D'phert'/L 

Dipyridyl  and  tctmliydrotliphttnyl. 

Tndnl  and  indcm-  in  lx^nxenu  give  norma,!  fToenttg-p(rint  lowei^ 
ings ;  the  same  holds  for  (-arbtuol  or  untbmRene  in  Iwnzcne  oi  nspfalbE^ 
len«  — thoae  substanees  forming  solid  solutions  with  ph«nanthreoe, 
TkatthMo  abnormally  small  depntxsions  of  the  froezing-point  were 
dne  to  the  formation  of  solid  solutions  was  established  in  s  number 
of  cases  by  direct  experiment.  From  these  results  It  would  seem 
that  only  those  substances  are  capable  of  forming  solid  solutions 
with  one  another  which  have  a  csdic  *trvctim  v/  the  satae  order; 
bcn£cnc  being  an  example  of  the  first  ord«r,  napbthalene  of  the 
second,  and  anthracene  of  the  third. 

That  the  chemical  character  of  a  compound,  other  than  its  cyclic 
structure,  can  have  little  to  do  with  its  power  of  forming  solid  solu- 
tions, is  shown  by  the  fact  that  compounds  as  different  as  pyrrol  and 
pyridine  manifest  the  same  general  cryoscopic  behavior  with  benzene. 

It  will  be  seen  from  the  foregoing  that  the  formation  of  solid  solu- 
tions consists  in  the  dissolved  substance  and  the  solvent  cryst.tUising 
1  out  of  the  solution  together.     This  being  the  caae,  it  is  not  iiQ]H)&- 
I  flible  that  the  relation  between  the  crystal  I  ographic  forms  of  i  he  two 
'  substances  may  play  a  prominent  part  in  determining  what  sub- 
stances can  r<irni  solid  solutions  with  one  another.     Oi-tain  relations 
II      have  already  been  jjointed  out '  lietween  ilie  (Tystallogi-ajiliie  con. 
^PBtaats  of  those  substances  which  can  form  solid  solutions.     Mere, 
1^  however,  partly  on  account  of  crystAllographic  difficulties,  the  data 
at  hand  are  far  too  few  for  purposes  of  generalization.     A  xfcond 
paper,*  dealing  with  this  port  of  the  subjcet,  furnishes  further  data 

I)  Cisnilclan  :  Zttrhr.  ph>ft.  CAfW.  It,  0  (laM). 
*  Osretii  i  tiid.  II.  61  (ISSG). 
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which  aul>$ tail ti  ate  esHenttnlly  the  conclusions  arrivm)  M  in  tiio  first. 
It  tiuiy,  th«n,  be  stated  that  in  the  ring  ooiiijioitiul.i  a>r>^^i<it^i>t  in 
Ofclic  order  seeins  to  be  ut^eexaary  iti  onler  Dial  sulid  NuhilitxiH  nitty 
be  formed.  It,  liowevcr,  does  not  follow,  and  It  Is  not  Inie,  that  solid 
HOliitions  are  fornn-d  wheiKivcr  siiph  an  agreiniienl  exist--!. 

Work  of  Xuster  oa  the  Holecnlar  Weights  of  Solids.  —  Coo- 
didcrabtr  wurk  un  the  Nfivuid  jin>bli>in  —  Lhu  molecular  wfi^jhl*  of 
substanc^cs  in  soHtl  SHhitiims  —  has  born  donn  ii'ci'iitlj-  by  Kii.ttcr.' 
He  atudifd  at  first  the  division  »f  a  f^iwn  coniiiotind  biitween  two 
solvents  which  arc  practiruUy  in-sululihi  in  one  (uiuthc-r;  the  one 
being  a  liquid,  the  other  a  solid.  'J'he  solvents  chonun  wore  water 
and  pure  caoutchouc.  To  these,  in  the  presence  uf  viuHi  other,  ether 
was  added  and  th«  quantity  taken  by  each  solvent  determined.  If 
the  moleeut.ar  weight  of  ether  in  the  water  vus  the  same  m  in 
caouUhonc.  when  more  and  more  ether  was  added  to  the  solvents  the 
quantity  taken  up  by  a  given  volume  of  the  one,  divided  by  the 
quantity  taken  up  by  the  same  volume  of  the  other,  would  Ix^  a  con- 
stant. That  this  is  true  has  been  shown  experimentally'  by  quan- 
titative determinations  of  the  division  of  a  substance  betwoiMl  two 
solvents,  and  is  analogous  to  the  law  of  Henry  for  gasca. 

The  experimental  problem  for  Kaater  was,  then,  the  addition  of 
t-arying  amounts  of  ether  to  a  given  volume  of  water  and  a  knowD 
weight  of  caoutchouc  in  the  presence  of  each  other,  and  the  deter* 
mination  of  the  amount  of  ether  taken  in  every  case  by  each  aol  vent. 
The  same  [joint  would  of  course  tie  rciached  by  keeping  the  amount 
of  ether  con.it.-uit,  and  changing  the  relutive  ainotiuts  of  the  two 
solTenta.  Both  methods  were  enijiloywl.  The  total  amount  of  ether 
used  in  any  experiment  wa.s  known.  Thv  amount  which  was  taken 
by  the  water  was  detenninml  by  the  lowering  of  the  freexinK-jKiint 
of  the  water  produced  by  the  ether.  The  difference  betweeu  those 
two  quantities  was  tiie  ether  which  had  been  taken  up  by  th«  csout- 
choue.  Care  wa."*  taken  to  construct  a  freezing-point  apparatus 
which  Would  prevent  loss  in  ether  by  evaporation.  The  time  re- 
quirtrd  for  ecpiilibrium  to  be  established  between  the  ether  and  the 
two  solvents  was  duly  regarded,  and  was  shown  not  to  exceed  tbnc 
hours. 

In  the  lir.Ht  series  uf  ex]ieritii<-nls  weighed  amounts  of  caoutchouo 
were  addi^i  to  a  known  volume  of  water  and  of  ether,  and  the  frcozing- 
points  of  tlie  aqueous  solutions  of  ether  determined  after  eqiuHbrtam 
had  been  establisliiid  in  each  case.     Fifty  cubic  centimetres  of  watet 

>  Zlachr.  phi,».  Cttfm    IS.  44r.  (IBM)  ;  17,  367  (ltf06}. 
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*rero  ii£Ctl  and  5  ce.  ot  ether.    Tlie  results  of  tbis  series  are  given 
below !  — 


— 

Cauvt- 

S 

Am 

rt 

Or 

AM 

r« 

0* 

<•* 

^ 

eKcuc 

CG. 

CD. 

ce. 

c.e. 

C.C. 

ce. 

ra 

A> 

1 

IT.OOfi 

-1.265 

3.41 

63.41 

sja» 

1.60 

£0.63 

7.71 

1.31 

014% 

9 

10.1S» 

-i.aso 

3.72 

63.72 

AM 

1.28 

la.^fl 

10.41 

l-IW 

0i40« 

S 

6.1«4 

-I.GIO 

4.07 

64.07 

7.6a 

0.93 

7.iB 

is.«a 

1.00 

0.4TS 

4 

2.VU 

-1.080 

4.17 

M.47 

e.si 

0.68 

3,67 

U.BA 

i.ei 

0.400 

^ 


In  the  pieceding  table:  — 

E  is  the  f leejfjiig  tamperntiire  of  the  a/juemis  solution  of  ether ; 
Aw  is  the  number  of  cubic  oentimetrea  of  ether  in  the  aqaeons 
solution,  caiculati-tl  from  the  value  of  J?; 
Vw  i.t  thft  volume  of  the  a<|ueoiis  solution; 
Ck  is  this  vulume  conceiitratioit  of  the  ether  in  the  aqueous  solutiwi, 

100  Jm; 

Ak  \a  the  ether  In  the  caoutchouc,  =  S  —  Au ; 

Vk  is  the  volume  of  the  caoutchouc  solution  of  ether ; 

Ck  is  the  volume  concentration  of  the  ether  in  the  caoutchouo, 


=  100 


Ak 
Vk 


The  value  of  —  is  not  constant,  but>  aa  is  seen  in  th«  taUft, 

Ow 

increa.<teB  as  the  amount  of  caoutchouc  present  decrvases;  showing 
that  the  molecular  weight  of  tlie  ether  disaotvi-din  the  caoutchouc  is 
greater  than  of  that  in  the  water. 

Ether  dissolved  in  walPrgivM  a  normal  molecular  dvprossion  of  the 
free7.inj!-point,  and  has,  then-fori',  the  simplest  molecular  weight, 
which  eorresjionds  to  the  formula  r,HmO.  The  elher  molecule  in 
the  caoutchouc  must  oonHist  of  more  than  one  chemical  moleculo. 

Since  the  values  of  ^^-^  are  very  nearly  conetant,  the  molecular 

C'lc 
vcight  of  ether  in  caoutchouc  must,  In  i»rt  at  least,  bo  doubtf  the 
simplest  molecular  weight ; '  for,  as  wo  shall  learn,  the  square  root 
aign  in  this  connection  has  that  significance. 


>  ZlKir.  phf».  CAm.  1, 112  (1801). 
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In  a  second  series  of  experimenta  the  amount  of  vatcr  and  <rf 
caoutchouc  were  kept  conataat,  and  the  amount  of  ether  changed. 

The  value  of  ^^  increased  with  increase  iu  the  concvntiution  of  thd 

CV 
ether,  showing  tlial  more  double  molecules  exist  in  the  camitchouo 

when  the  concentration  of  the  other  is  increased,  as  would  b6 
expected.  lit  tlie  most  dilute  solulioii  of  ether  ciuploj'cd,  it  is 
calculated  tliat  only  one-tenth  of  the  etlicr  in  the  caoutchouc  exiata 
aa  doulile  molecules;  while  in  the  most  concentrated  solutioa  of 
ether,  about  one-half  of  the  molecules  are  double. 

The  effect  of  temperature  on  the  division  of  ether  between  water 
and  caoutchouc  was  also  investit^ated.  It  was  found  that  the  wat«r 
taken  relativuly  more  of  the  etlittr,  the  lower  the  temperature.  Th« 
uuinlwr  ol'<lcml)le  molecules  u(  ether  in  tlie  caoutchouc,  for  a  given 
amount  of  ether,  is  about  ihree  times  as  threat  at  0"  as  at  21"  i  aliow- 
ing  nn  increase  in  the  nuinlier  of  simple  molecules  with  increase  in 
tcnijMTatiire,  as  would  be  «K|»ei;ted. 

The  Molecular  Weight  of  a  Piire  Homog«neoiu  Solid.  —  The 
work  described  u[)  Iw  this  i>oiut  baa  shown,  according  to  KUster, 
that  ether  dissolved  in  caoutchouc ooDsials  partly  of  single  aud  )iartly. 
of  double  molecules;  the  number  of  double  luokiniles  iiK-n-uaing  us 
the  conc«ntr«tion  of  the  ether  increases,  an<l  as  the  ti-iuperaturA  ia 
lowered.  This  t«lls  us,  however,  absolutely  iiutbing  as  to  Die  inoletv 
ular  weight  of  pure  ether  in  the  solid  condition. 

The  second  Investigation'  of  KUster  aims  at  a  solution  of  the 
problem  of  the  molecular  weight  of  a  pure  substaaco  when  in  the 
solid  solution.  In  his  original  jiaiier  on  .lolid  «o1ulinn»  Vim't  Iloff 
included  isomorphous  mixtures.  In  these  substances  KUster  con- 
cludes that  the  physical  molecules  of  the  solrent  and  "f  the  dis8olv»d 
substance  must  have  like  structure,  and  be  composed  of  a  like  num- 
ber of  chemical  molecules.  If  we  eoulil  ascertain  tJte  niolectilar 
weij;ht  of  one  of  the  substances  in  tht?  isomorphous  mixture,  wo 
would,  therefore,  know  the  molecular  weight  of  tjie  other,  which  w« 
can  regard  as  the  solvent. 

Tlie  division  of  one  constituent  of  the  ifl(naQinlioug  mixture 
between  the  other  (which  we  will  regard  as  a  s^id%lvent>  and  a 
liquid  solvent,  would,  as  seen  above,  throw  light  on  the  molecular 
weight  of  the  conal.tluent  of  the  mixture  first  mentioned.  It  waa  ■ 
difficult  to  ftud  an  isomorphous  mixture  which  would  fulfil  the  oo&- 
ditjon  that  only  oiu'  (ronstituent  should  be  soluble  in  the  liquid  aolv-j 
out.    Kuater,  however,  secured  such  in  a  mixture  of  napbtltaleu^ 

>  ZatAr.  pki/».  Ckem.  IT,  3GT  (18B6). 
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ttuil  ^-iinphtliol.  These  ciiinpoundB  form  a  comj.li-ti!  si^rii'^  of  Uo- 
morijhou.-i  mixt.iirt!!*  with  one  another.  Kurthpr,  tliti  ^S-ii'ililithol  was 
sohihlo  in  water,  whivh  wns  usi'il  as  lh«  liquid  solvrnt,  while  thu 
iiaphtbalrnr  was  pnwtioally  insutublv.  The  experimental  work  con- 
sisted, then,  in  determining  the  diviaion  of  the  ;3-naphthol  between 
tha  water  and  the  luiplilhalene.  Isoniorplious  mixtureti  of  j3-»aphthoI 
and  naphthalene  of  known  eompusitiuu  were  added  in  turn  to  nieas- 
iirvd  volumes  of  water,  and  shaken  with  it  until  the  watt^r  bi^anio 
satiiratt^d  with  the  ^-naphlhol.  The  amount  of  ^naphthol  present 
in  the  water  in  each  vase  veas  then  determined. 

If  we  rcpmscnt  the  concentration  of  j8-naphthol  in  the  water  b; 
/lie,  and  the  concentration  of  tliat  which  remains  in  the  mixture  by 
Km,  wo  have  — 

VAot 
Kw 


*=a 


I 


Tlie  values  found  experimental);  vary  from  11.8  to  20.8. 

The  kiithor  concludes,  as  with  ether  in  caoutchouc,  and  for  tho 
same  reason,  that  the  j9-naphthol  in  the  isoniorphous  mixture  bos 
twict  the  molecular  weight  of  that  in  the  water.  The  moU-cutar 
weight  of  ^iiaphthol  in  watt-r  has  been  shown  to  correspond  to  the 
simple  formula  CiolliO.  ^-naphtliol  in  naphthalenu  has,  then,  the 
double  molecular  weight  (CioIlO^),. 

j9-DaphthoI  forms  isomorphous  mixtures  with  naphthalene ;  there- 
fore, the  molecules  of  erystallized  naphthalene  and  also  of  j8-naphthol 
are  to  be  expressed  by  the  double  formulas, 

(C„H.),and(C«,H.O)f 

There  are  certain  asaumptiona  involved  in  this  process  of  reason- 
ing, BO  that  the  conclunion  while  interesting  cannot  be  aocept«d  as 
final. 

We  have  stndied  examples  of  solntions  of  matter  in  every  state 
of  aggregation,  in  matter  of  the  samo  and  every  other  state.  We 
shall  now  turn  from  the  study  of  matter  as  sueh,  to  the  Htudy  of 
other  changes  which  always  take  place  to  some  extent  when  nul- 
stances  react  chemically.  Thus,  thermal  changes  always  accompany 
chemical  reaction.  Agun,  iC  the  reaction  takes  place  under  eertaiu 
conditions  marked  electrical  changes  result. 

It  was  early  recognized  that  <rnergy  transfonnations  of  some  kind 
frequently  accompany  the  transformations  of  matter ;  but  the  atten- 
tion of  the  earlier  chemixts  was  confined  almost  entirely  to  the  study 
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of  th«  niat«rial  ftliangws  whioli  were  vfTi^i-tod  by  cluMnical  reaction. 
The  natiin;  of  Lho  siibatimces  whk-li  eiit«i'  into  tbo  KartioQ,  and 
«special!y  tlie  iivturu  of  the  jiiodiicU  fonncil,  furuiahvcl  the  chief 
problems  for  tliv<:Ueiiiist  in  the  fir»t  half  of  Uie  nineteenth  century. 
DuriDg  tlio  latter  hulf  of  the  vvtitury,  howvvcr,  more  and  more  atten- 1 
tjan  was  paid  to  the  ener^  chimges;  cHpocially  to  the  amount  of 
heat  which  is  set  free  when  substances  react;  and  this  continued 
until  the  new  physical  chcmistty.  in  the  last  fifteen  years  of  the 
century,  showed  the  tienieudous  importance  of  these  eiiergy  traQ8- 
fonuAtioun.  Indeed,  we  know  now  that  it  is  almost  inipoai>il)Ie  to 
overeatiiu^ite  their  importance,  since  they  are  probably  the  caiwe  of 
all  chemical  activity.  Subatanceti  react  chemically  because  of  dtft«r- 
enoe«  in  the  iiuantity  and  intensity  of  the  chemical  energ}-  premat 
in  them,  lu  studying  eiieri^'  changes  we  are  then  dealing  with  the 
r«al  canite  of  niactioiLi,  and  from  the  staiidjioint  of  the  ncIcroc  of 
chcmi»tTy  these  are  far  more  imporL-mt  than  tlie  material  tnuiafor-  ■ 
matiotiK  which  accom|kaiiy  thetii.  The  ftiiidamt^ntal  problems  of 
chciniMry  wilt  ucver  be  itolved  by  a  study  uf  the  iDaterial  chaages 
alone,  itince  these  ai'C  relativi-ly  tlm  It^as  imjxirtant  side  of  cliemical  ■ 
pheuomeiia ;  but  only  through  ehibm-iit*  iuvestl^tiun  of  the  energy 
relatiotis  which  olitaiu  lu  systrms  iK-fiire  reactions,  and  in  the  prod- 
ucts of  the  rwwtiou.  Tho  remainderof  our  subject  has  to  do  largely 
with  energy  clinugus.  The  transformation*  of  chemical  energy  into 
heat  constitute  tiic  subject-matter  of  Thermochejiii»tiy. 

Ekctroehemidri/  deals  with  the  transformation  of  chcntica]  ea- 
ergy  into  wlectrical,  and  of  eketrica]  into  chemical. 

The  relations  between  chemical  energy  and  light  furnish  the 
material  of  Itintorhtmittry} 

\Vc  can  aUo  study  tho  velocities  with  which  chemical  reactions 
take  place,  and  the  conditions  of  equilibrium  in  such  reactions. 
These  furnish  the  subject-matter  of  Chemioal  Dynamics  and  Vhemical 
Equdilirlnm. 

We  may  also  measure  the  relative  Ckemicat  AaivUifM  of  dilTereut 
substances. 

We  shall  take  up  first  the  subject  of  thermochemistry. 

■  TlieM  subjects  am  taken  up  tu  thu  above  order,  slnoe  tii  terms  of  our  pi»- 
Tttiting  thuorim  wu  doul  llntt  with  heat,  then  with  eleotricily,  ami  Gnalljr  with 
lighu 


CHAPTER  VI 


THEBUOCHBHI8TRT 


l>E\'ELOPilEST  OF  TOERMOCaEMrSTRY 


Earlier  OfaMrvatioiu;  Lav  of  Lavoisior  and  Laplace.  —  It  wu 
v«ry  early  obsurvvd  that  chemical  reatitioofi  are  accompatiicd  t^' 
thermal  changes.  Sometimes  heat  is  absorbed,  but  much  more 
frequently  it  is  given  out.  The  qualitative  obgerrations  were  fol- 
lowed by  quantitative  measurements  as  early  as  the  time  of  Kobert 
Uoyle.  The  first  valuable  measurements  of  the  heat  of  reaction  wer« 
made  by  Lavoiaier  and  Laplaee.'  They  measured  the  amounta  of 
heat  liberated  in  many  chemical  reactious,  and  also  studied  the 
thermal  changes  whteli  take  place  wiUiin  the  livin);  body,  lliey 
arrived  at  the  first  imjiortant  geueralinatiou  in  tlie  field  of  thermo- 
clieiuislry. 

The  amrmiU  ti/hfot  wMck  it  rrnfuired  to  demmpOM  a  compound  into 
ilt  etni»lilurrJ»  in  fxurttii  rtfii'il  lo  lluil  tnliirA  teat  etoletd  wktn  (A«  <0>tt^ 
pound  Ktts  fiirmM  friim  Ihra*  aiiiMUti^ntx} 

The  Work  of  Heia  —  Mtnlerii  iht^rmtfchemiHtry  may  be  sud  to 
date  from  tli<;  timo  of  HrjiJt.'  [lo  diHi'ovttmd  a  fact  wboae  impor- 
taniK  forth«mii>chemical  Htudy  it  is  dillivult  lo  overastiniat^.  Many 
oliemioal  prQCO«»«s  do  not  take  place  in  one  sta^,  but  iu  several; 
and  it  was  oft4!n  difficult,  not  to  say  impossible,  to  deal  with  aucli 
from  th«  tlierniocbemic*]  standpoint.  Hess  sliowed  that  thr  Acot 
nvlivd  in  a  chtmtaii  proctM  w  Ihe  mme  wlietlmr  it  laJem  /tiricc  in  oiu 
or  in  ttveral  stages.  This  principle,  known  as  tlie  "  Conxtanny  erf 
the  heat  sum,"  made  it  possible  to  deal  with  a  lar^e  nuinb«tr  of 
rciwtions  which  otherwise  would  tie  entirely  out  of  the  simi«>  of  llier- 
moc^emical  measurements.  Take,  for  example,  tlie  burning  of 
sulphur  in  oxygen.  If  we  know  the  heat  evolved  when  sulphur  is 
burned  in  oxygen  to  form  sulphur  dioxide  and  the  heut  tivulved 
when  sulphur  dioxide  is  burned  to  sulphur  trioxidv,  wc  would  kuow 


<<EHVK«if«  LavoMer.  II.  28.1.  •/Urf.  H,  28T. 
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*t  once  the  amount  of  heat  whieh  would  be  evolved  when  snlplmr 
WHR  bunied  directtjr  to  aulphiir  tnonide,  —  it  would  be  the  Hum  of 
tlie  above  quantities.  On  the  oUier  hniid,  if  u-e  kiit^w  the  hfOi 
evolved  when  mil^ihur  is  buni^l  to  the  triuxidi;,  and  Uie  heat  evolved 
when  the  dioxide  i»  oxidlxed  to  the  triuxide,  we  would  know  the 
b«!at  which  would  be  net  fre«  when  Mul[thnr  was  tntriind  to  the 
dioxide,  —  it  would  be  the  differenee  bt^tweuu  the  above  two  qtian- 
litit-s. 

This  simple  exumpio  will  eiifHce  to  illustmte  the  Application  of 
the  principle  in  thermochemistry.  It  is  almost  eonsttuitly  ii»ed  in 
dealing  with  the  more  complete  reactions,  e«[ifci»lly  in  ttie  field 
of  organic  chemistry.  Indeed,  without  the  aid  of  it,  our  knowledge 
of  the  thermochemistry  oi  organic  reactions  would  be  very  limitml. 

Uess  made  a  second  very  important  contribution  to  thermo- 
chemistry. Whin  solutions  of  nmitral  salU  are  mixed  there  is  OO 
thermal  change,  and  iless  expressed  this  fact  in  his //(ttc  ofUitThemto- 
neutrality  of  Still  Sotutiont.  We  shall  see  that  this  law  is  extremely 
iDteresting  in  the  light  of  the  theory  of  electrolytic  dissociation, 
whi<:h  furnishes  for  the  first  time  a  satisfactory  explanation  of  it. 
Indeed,  we  shall  learn  how  the  law  is  a  necessaiy  conseijueuoe  of 
this  theory. 

Hess  attempted  to  explain  the  law  of  the  thermo-neatrality  of 
tall  iiohitjons,  on  the  assumption  that  the  heat  evolved  in  salt 
formation  depends  only  on  the  nature  of  the  acid  and  not  at  all  on 
tJie  nature  of  the  ba-se.  This  assumption  was  erroneous  and,  ther» 
fore,  the  explanation  based  upon  it 

8i>  important  is  the  work  of  {{ess  that  he  ts  regarded  aa  tlie 
fathi-r  of  all  moilern  thermochemistry. 

Work  of  Favre  and  SUbermans.  —  The  experimental  work  of 
Favre  and  Silbenuaun'  ia  of  the  very  greatest  imiKtrtanoe  i6r  tho 
development  uf  thermoehemiatry.  There  ai-e  few  physical  tueastm> 
ments  more  dithi^nlt  than  the  determination  of  the  amount  of  bmt. 
The  detitrmi nation  of  teniiierature  alone  is  not  always  a  simple 
matt<-r,  hilt  this  is  but  the  hrst  stage  in  determining  the  (|uaiiti1y 
of  heat.  To  deti^rmine  the  amount  of  heat,  we  must  allow  this  tu 
warm  some  substance  like  water,  and  must  know  the  rise  in  leinpcra- 
turv  produced  and  the  amount  of  water  u.-«eil.  The  ex{>erinK-ntal 
solution  to  a  therniochemical  problem,  then-fore,  involves  tiereral 
Steps.  When  the  heat  is  lilierateil  in  the  reiiclion,  it  must  be  taken 
tip  by  some  substance  whose  Bpecific  heat  is  known — aaj  watot 


■  Ann.  Chlm.  Phf$.  [S],  M,  S^T  ;  M,  I ;  87,  MO  (l&&£-18i3}. 
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'  water  miLtt  be  enclosed  in  some  form  of  vessel,  and  this  vcxwl 
has  a  different  Hpucilic  heat  from  that  of  ttie  water.  Further,  the 
v«e»el  and  wator,  as  quickly  as  they  become  warmed  above  the 
telDiii.Tittui'c  of  surruundiDg  objects,  begin  to  r;idiatc  boat  outward 
ii])t>ti  thr  colder  objcet.s.  There  is  thus  a  continual  loss  of  heat 
taking  place  during  the  experiment.  Again,  the  liquid  must  be 
kept  stirred  during  the  experiment  to  seeiira  uniform  temperature 
throughout.  The  stirring  produces  beat,  and  the  stiri'er  has  a  differ- 
ent specific  heat  from  that  of  the  water.  The  specific  heat  of  the 
mter  itself  must  be  determined  at  different  temperaturea,  etc. 
Tbew  are  just  a  few  of  a  very  large  number  of  fa«tors  which  ba.ro 
to  be  reckoned  with  in  all  thennochemical  measurements. 

The  work  of  Favra  and  Silberinaun  bad  to  do  chiefly  with  Uie 
improreaieiit  of  the  ex|)erimental  method  for  making  calorimctric 
tneaaurements.  They  devined  a  form  of  citlorimcter  which  lies 
at  tlie  basis  of  all  Uie  forms  whii^h  have  been  used  since  their  lime, 
They  made  a  large  number  of  thermocheniical  m<»siirements,  and 
showed  that  tlie  heat  of  neutralisation  dejiend*,  not  only  on  the  acid 
as  Hf  ss  had  sup]ioMed,  and  not  only  on  the  Inis*!  ti«  Andi'cwji '  thought, 
but  that  it  depends  njH^n  both.  The  investigations  of  Kavre  and 
Silbermaun  are  nearly  as  Important  experimentally  as  those  of  Hess 
are  thcon't.ically  fur  l.he  ili-vi-lupment  of  modern  thennochcmistry. 

luTeitigationa  of  Juliui  ThotuHiL  —  Thermochemistry  in  recent 
tim«K  has  ci-ntred  uround  two  men;  and  our  most  reliable  results 
WKre  obtained  by  IhcM-  men  and  their  pupils.  One  of  these  is  Julius 
ThomKVn  in  Cojionhagen.  Thomsen's  investigations*  extend  from 
the  fifties  up  to  tin-  present.  His  collected  works,' published  in  four 
Tolumes,  contain  the  most  important  tbermochcmical  data  on  record. 

Thomsen  recognized  that  all  chemical  reactions  are  accompanied 
In-  thennal  changes,  and  undertook  to  measure  the  magnitude  of  these 
changes  iu  a  very  large  number  of  cases.  He  improved  tlienno- 
clienioal  methods  fat  beyond  any  of  his  predecessors,  and  the  methods 
which  he  employed  hava  been  subsequently  improved  only  iu  oer- 
tain  minor  points.  The  work  of  Thomsen  will  constantly  reappear 
tliroughout  the  entire  chapter  on  thermochemistry. 

Berthelot'*  Investigatioiu  uid  DednctioBB.  —  It  was  statn)  that 
in  recent  times  two  uiiMi  have  led  the  work  in  therm ocliemia try. 
The  one.  a  Itene,  ha.<  juwt  bwn  mentioned;  the  work  of  the  other, 
a  Frenchman,  —  IJerthclot,  —  will  now  be  considered.   The  work  of 

*  Pofff.  Ann.H.VIS:  B9.  43fl;  M,  .11  (■S^l-l^&l- 

*Ibul.  ••..S4n;i853);  ».  ZRl;  «.83(ISM1;  M,  M  (I86»). 

■  7%«rmoeAnMiicA<  Untfriuctianfft'*'    *  Tolumca  (ItlSS). 
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Bort.hnlot  wns  Wguii  soinnwlint  littttr  Umn  that  of  Tli(>ins«n  ;  his  first 
pu1>lir%tiiiii  lniviii){  iipiH-ivred  in  ISflS.'  It  was  iwit  until  oomidombly 
Utvr' ttistt  Itvrthvlot  began  liis  exi>enia«iitikl  irork,  which  hua  con- 
tiiinri)  with  nioru  or  lesii  regularity  up  to  the  preseut  Borthclut 
iniprovi.^d  a  iiiiinlK.-r  of  furios  of  iipparatii.t,  aiid  deviscil  ntv  niothoda 
of  work,  whii-h  greiitly  <?xtended  our  knowk-dg<!  in  thia  field.  Th« 
Berthelot  bomb,  in  which  vombustioiia  were  effected  in  oxygen  iind«r 
high  pressure.  mad»  it  possible  to  study,  tlieriiiochcmically,  n  laigo 
Dumber  of  htats  of  coiubustion  of  orgUDic  substances,  which  could 
not  have  beon  dealt  with  under  ordinary  conditions.  Tlie  work  of 
fierthelot,  like  that  of  Tboinsen,  will  constantly  appear  throughout 
this  chapter.  The  three  fimdamental  principles  or  general izatioaa 
at  which  he  arrived  should,  however,  be  mentioned  in  this  place. 

I.  The  thermal  change  in  a  chemical  reaction,  if  no  external 
work  ia  done,  dependst  only  on  the  condition  of  the  system  at  the 
beginning  and  end  of  the  reaction,  and  not  on  the  interiDediat« 
Gondiiioiia. 

It.  The  heat  evolved  in  a  chemical  prooefls  is  a  mfasure  of  the 
corratponding  chemical  and  phy.iical  vrork. 

III.  "  Kvcry  chemical  Iraiisfurmiitiou  which  lakes  place  without 
the  aildit.ion  of  piii-rgy  from  without,  tends  to  fi)rin  that  tiiibataikoe  or 
lystem  of  8tdMtmi(*»,  the  priKtuction  of  which  is  «ccoinpuni«d  by 
the  CToliition  of  the  maximum  aitioiint  of  heat."* 

This  third  priiHiiplc,  which  has  come  to  be  known  as  the  law  of 
maximum  work,  but  which  should  be  known  as  the  hiw  of  maxltnom 
heat  evolution,  bu  also  been  stated  by  ttert helot'  as  follows:  — 

'■Every  chemical  change  which  is  accomplished  without  a  prfr 
liminary  action,  or  the  addition  of  exteroal  energy,  necessarily  occurs 
if  it  is  accompanied  by  disengagement  of  heat." 

The  third  principle  when  stated  in  this  form  is  known  a.<t  the 
"principle  of  the  necessity  of  reactions."  We  shall  learn  that  the 
third  principle  of  Berthelot  is  far  from  a  rigid  generalization.  It 
holds  in  a  large  majority  of  cases,  but  there  are  no  many  exctfptiona 
known  that  it  cannot  he  regarded  a.*)  a  law  of  nature.  However, 
when  we  consider  the  vaat  number  of  cases  to  which  the  principle 
does  apply,  we  see  in  it  the  germ  of  some  great  trulli,  which  has 
not  yet  been  fully  understood  and  expressed. 

With  this  preliminary  hisloriml  introduction,  we  shall  tnm  to 
the  subject  of  thermochemistry  proper. 


^Ann.  CT(m.  Wp«.  [*!.•.  MO  (1885). 
*/6W.[4],M,01(l8T3). 


■  me.  Chhn.  I,  M. 
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CONSERVATION  OF   ENERGY  APPUKD  TO  THF-RMO- 
CIIKMISTRY 

Uasi  unchanged  in  Chemical  Heaotion*.  —  One  otxhv  tsu-Xn  fuiidsr 
uieiilui  Id  tli«  wtiult!  si^ic-iit'i'  iif  i:l)ciiii«try  in  the  coiiMerVittioii  uf 
masit.  Wlien  vhiitiiical  rcwtioii  t,-ikvs  pluce,  the  subslaii<T«  uhangc 
must  uf  thi'ir  iinijMirtivs.  A  liquid  may  Iktouki  ii  ga»  or  a  solid,  a 
solid  11  licjuiil  or  a  gas.  A  poisuDous  subsUiu'c  like  chluiiiie  may 
notnbiiie  witli  n  metal  like  sodium^  foriHiiii;  a  compound  which  is 
not  only  not  injurious  to  the  body,  but  nutritious ;  and  so  on  tbroiigh 
thv  viitire  list  of  properties  except  that  of  mass.  Some  of  the  most 
a('<.'urate  experim^ital  work  which  Iiaa  ever  been  carried  out  had 
for  its  object  tlie  solution  of  the  problem  —  is  mass  unclian^d  in 
chemical  action?  The  epoch-making  work  of  Stas  on  the  atoinio' 
weights  of  some  of  the  elements  showed  veiy  slight  differenoes 
between  tJie  sum  of  the  maaaes  of  the  products  of  a  reaction,  and 
the  sum  of  the  masaes  of  the  conittitiients  which  enter  inli  tht! 
reaction.  In  no  case,  hov.'ever,  were  these  ditTerences  larger  than 
the  possible  experimental  errors. 

In  recent  time,  as  we  have  already  seen  (p.  2),  on  inrestiga- 
tion  was  earrirtl  out  by  Lamtolt'  to  dt!t«riniii»  wlmlher  (hi!  wi;ight 
of  tilt?  iJi-odiict.s  of  II  reaction  is  exactly  equal  to  the  wi-ii^-ht  of  the 
eoustitiit^tits  b(-fore  tho  rnaiTtiuu  —  weight  Ixuitii  our  mi-aii:<  of  meas- 
uring iiiasR.  Thi»  res;ilt  showed  Uiat  slight  diffrrt-nc-s  existed 
between  the  weight  of  the  products  of  a  reaction,  and  thi^  weight 
of  the  constituents  before  the  reaction;  but  these  ditfiTeneua 
were  always  so  small  that  no  final  oouclusiou  could  be  drawn 
from  tfaem. 

Thei  conservation  of  mass,  then,  stands  out  as  the  one  prn]>er1y  of 
matter  which  always  remains  unchanged,  regardless  of  the  number 
and  kind  of  chemical  Iransfonuationa  through  which  the  matter  is 
passed.  The  im[>artance  of  thi.i  great  law  of  nature  for  the  science 
of  ohenii.Htrj-  it  is  alwolniely  impos-iible  to  overestimate-  If  there 
was  a  change  in  mas.i  in  cht^mical  reaction,  all  quantitative  work 
would  t)e  im|Kissibh>,  and  chemistry  would  lie  reduced  to  mei«  quail* 
tative  observations.  The  science  of  chemistry  rests,  fundamentally, 
u|>on  the  law  of  the  conservation  of  mass.  Another  law  of  equal  im- 
portanci^  we  shall  now  consider. 

Energy  anchanged  in  Chemical  K«aetioai.  —  In  chemical  reactions 
two  great  chauges  lake  place. 


Zt*(t,r  pl>»»  Cttem.  IS,  1  (ISPS). 
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1.  A  cltaDge  iu  all  the  properties  of  the  substiinccs  vrbich 
dzoept  mnita. 

2.  A  tliaiige  in  the  form  of  energy  in  the  rea^-ting  sulwtances. 
Wliile  the  foriu  of  energj-  changes,  the  fiuestion  arises,  is  th 

juiv  loss  or  gain  in  energy  in  chemical  reactions  ?     The  law  of 
ccuuerTHtiiin  of  eiierg)',  which  ifl  one  of  our  beat  establialied  lavs 
nature,  ooin  OS  to  our  aiil.    This  law  ia  staled  by  Maxwell'  aa 
lows:  "The  total  iineri^y  of  any  material  syiitem  i.t  aquaiitity  wh 
can  Dcithi-r  \k!  increased  nor  <liiniiii»hi-il  hy  any  motion  between 
parts  of  the  syHtcin,  tliougli  it  may  Ix^  tiarin formed  Into  any 
forms  of  which  energy  is  siiitcc|itible." 

Thv  totiil  cnf-rRv  is,  then,  the  same  after  llir  reaetinn  m 
Before  the  reaction  tbe  total  rncrgy  was  in  thv  fornj  of  uhciniuut  or 
trinsic  BRorgy.  After  tb«  reaction  a  part  still  r«inainH  in  th«  fc 
of  intrinsic  onergy,  a  part  is  transformed  iato  beat,  and  if  there  i 
change  in  volume,  as  almost  always  occurs,  a  part  is  s{H'i)t  in  do 
external  work. 

If  we  repiesowt  the  change  in  the  intrinsic  energj*  by  tlE,  the  h 
erolred  or  absorbed  by  dO,  and  the  external  work  donu  by  d  IK, 
have  — 

dE  =  d}  +  dW. 


1 

bel! 


J 


The  law  of  the  conservation  of  energy  is  as  fundamental 
B^encfl  of  therm ochemistry  as  the  law  of  tlie  coniiervation  of  m 
is  to  the  Hcience  of  pure  chemistry.  If  energy  were  either  creatM 
destroyed  in  cheiuical  reat^ions,  we  could,  it  is  true,  measui^l 
amount  of  heat  liberated  iu  clieiuical  reactions ;  but  «ueb  measi 
meats  would  have  relatively  little  value;  indetNl,  about  the  ko 
value  as  quantitative  determinations  in  pure  clu'niistry  if  the  Ian 
the  GonservatJon  of  mass  diil  not  apply.  Tlu'  law  of  the  QonMi 
tion  of  enerKj-,  which  ici  the  first  principle  uf  tbcrniodyiumi|U 
then,  the  foimdnlion  of  the  scienci;  of  tlicnnochemiHtry.      ^^H 

Same  AmwDt  of  Heat  liberated  under  the  Same  Condition^? 
same  i-h>'i;iir;d  reaction  unili-r  l!i>?  same  eondiliojis  always  liU^r; 
th«  »amr  amount  of  heat.  In  oider  to  obtain  this  rt-snlt  tlie  react 
roust  takii  place  under  exactly  the  same  conditions.  Thus,  the  h 
libvr»t,(rr|  when  a  given  quantify  of  metal,  say  nine,  dissolves  i 
certain  solution  of  an  a<iil,  is  a  constant-  Hut  in  order 
amount  of  heat  may  be  obtained,  the  mei>al  and  acid  must 
dofiiiite  temperature,  and  the  solution  of  the  acid  must  have  i 
taut  definite  concentration.     If  the  acid  raries  in  concentradc 

'  Matter  and  Motton,  an.  74. 
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pradoett  formed  may  be  difTer^nt,  and,  oonsteiiuontl}-,  a  tlillFvrcnt 
iimoiintof  iTitrinitic  i-m-rtfy  may  be  <!oiiv«rt«(l  into  hmt.  Agniii.  we 
may  h-Avv  wimt  is  aiiiuimitly  tlui»iim«<4iviiiical  riMcbon  tukiiig  place 
iiiulcr  djfTei'niit  eumiitioos,  aiid  giriiig  rise  to  very  ditTvrvnt  aiaountfl 
of  hfjiit.  Take,  fur  rxnmplr,  the  sulution  of  wnc  in  sulpburii.'  acid. 
When  H  given  wriglit  of  zinc  is  dissolved  in  sulphuric  acid  of  a  cur- 
tiiiu  c.onccntrjLtioii,  a.  detiuitv  amount  of  heat  is  liberated.  If  the 
zinc  is  connected  with  some  other  element  so  as  to  form  a  battery, 
and  tlieB  allowed  to  dissolve  in  sulphuric  acid  of  the  same  concen- 
tration, a  very  different  amount  of  heat  will  be  liberated.  The 
change  in  intrinsic  energy.  dE,  is  the  same,  but  in  the  second  case  a 
part  has  been  converted  into  electrical  energy,  and,  therefora,  the 
amount  which  remains  to  be  eoiiverteti  into  heat  is  less. 

If  we  represent  Uie  second  oonditiun  in  terms  of  the  general  en. 
ergj  equation,  wo  must  inlroduoo  another  term  for  the  eleolrioal 
energy  into  which  a  part  uf  thi-  iutrinHic  energy  liaa  been  transformed. 
Let  us  call  tliis  tlE^    We  nliotitd  then  have  — 

dB  =  (t9  +  dE.  +  d  ir. 

The  difference  between  the  intrinsic  energy  of  two  systems  is  e<]ual  to 
the  heat  lihiTated,  phis  the  electrical  energy,  plus  the  work  done. 

Importanca  of  Thmnochemical  Keamrnnenta. — The  importance 
of  tbcrmuchemical  nieasuiements  will  appear  at  once  from  what  liaa 
ptBceded,  \Sc  have  no  means  of  measuring  directly  the  intrinsic  en- 
ergy contained  in  a  substance.  The  best  we  can  do  is  to  measure  the 
difference  in  intrinsic  energy  between  a  system  and  another  system  into 
which  this  can  be  transformed.  The  best  method  of  measuring  ihis 
difference  is  to  transform  the  one  system  into  the  other  by  chemical 
means,  when  the  excess  of  tJie  intrinsic  energy  in  the  one  over  that  in 
the  other  will  be  transforwitd  into  heat ;  and  if  there  is  a  change  in 
x'olume,  also  into  work.  By  mrnsnriHg  tlie  amount  of  heoit  set  free, 
and  the  external  work  done,  wc  know  at  oncJ>  the  difTrrence  hetwreea 
tbe  intriiinic  energies  of  t||p  two  systems.  Unless  tlu-n-  i.t  a  f^  formed 
or  URcd  up  in  the  reaction,  the  external  work  done  is  xory  small,  and 
can  H8unlly  bo  nejflccted.  The  heat  liberated  is.  then,  a  measure  of 
tii«  difference  between  the  inlrinsic  energies  of  the  Eubstanc««  which 
react,  and  the  intrinsic  energy  of  the  products  of  the  reaction.  Thus, 
'  tbtthnt  liberated  is  a  measure  of  the  difference  between  the  intriuue 
VUttKjr  of  hydrogen  plus  that  of  chlorine,  and  the  intrinsic  energy  of 
the  hydrochloric  aoid  formed. 

Thermochemical  measurements,  then,  are  our  best  means,  and  in 
many  cases  our  only  tncani,  of  determining  the  differenoe  between 


• 


286  THE  ELFJIEXTS  OP  PUYSIOTl  CIIEMISTKT 

the  intrinsic  energieaof  two  systeinsi,  one  of  which  can  be  traDsrortned 
into  the  other.  This  aloue  should  suffice  to  show  the  importance  of 
such  work. 

The  "Heat  Tone"  of  a  Reaction.  — The  term  "heat  tone"  of  a 
renction  ist  no  £rei|iu-ntly  used  ttiat  it  should  be  clearly  explained  in 
thin  (M>d[ie«tion.  The  hfttt  tutie  of  a  reaction  is  th«  sum  of  tlie  heat 
devetoiied  in  the  rt-ji^tiitn  uiid  the  cxUfriial  wurk  expreswd  as  heal! 
which  i.'i  diiiir.  Siiiw  w«  have  reactions  which  evolve  heat  auil  are 
termed  ttxothrnak,  and  also  reactions  In  wIul-Ii  heat  i»  ah»orl>ed  and 
trv.  tirrumd  piHliitlinrmi';  the  liPiit  tnnw  may  he  |KJsili*e  or  iM-Kativ(\ 
The  work  done  may  be  [loaitive  as  when  a  gas  is  roiined,  or  it  may 
be  neiiative  «s  wlien  a  gus  is  used  up;  so  thut  IxAh  of  tlie  facton  of, 
beat  tone  may  bo  pottitive,  or  both  may  \k  negative,  or  oiii*  [KMtitiv' 
and  tlie  other  negative.  Since  th«  lieat  evolved  is  !<o  hirgo  with 
resjH'ct  to  the  work  done,  tho  tiigu  of  tliix  factor  essenliiUly  oondi- 
tioiis  the  sign  of  the  heat  tunc. 

TIlEH.MOCHFMrCAr,  MBTIIODS 

The  problem  ia  thermochemical  nieasureraenta  is  to  deteriniuo 
the  amount  of  heat  which  is  liberated  in  cheraioal  reactionti.  In 
order  to  do  this  the  heat  which  in  net  free  is  allowed  to  warm  a 
known  quantity  of  some  liquid  whose  s|»eRific  htmi  is  known, 
rise  in  lemperatiu^  is  then  meamured  by  means  of  au  aec^irats  Umt- 
inomcter.  The  li<)iiid  which  is  \k.iI  juhipted  tn  siteli  work  is  water, 
and  the  writer  calori meter  is  aliiiosl  exidii.sively  nsed  at  pri^^ent  ■ 

The  Water  Calorimeter.  —  In  all  fonnH  of  tlic  wa^-r  calortniet«r  " 
the  heat  ubieh  is  lilM-rated  in  the  reiiotiou  In  taken  iip  by  a  known 
qiiaiit.ily  i)f  wiiter.  The  reaction  mnst,  therefore,  take  place  in  some 
vessel  aiirroiiMdi'd  by  the  water  of  the  caloriniPlcr.  A  platinum 
vessel  is  iwiially  employMl,  holding  from  one-half  to  one  litre.  This 
is  Borroimded  by  a,  known  quantity  of  water,  which  is  placed  in  an 
ont^rr  vessel  of  silver  or  «ojnc  other  metal.  This  outer  vpssel  is  tlien 
surrounded  by  poorly  conducting  material  so  as  to  diminish  the  loss 
of  heat  by  nutintion.  The  substances  which  are  to  react  either  in 
the  pure  slate  or  in  solution  are  brought  to  the  same  temperatura 
and  then  iutrotlueud  into  the  innermost  vessel.  The  temperature  of 
the  water  is  detj-nnined  before  and  after  the  reaction,  and  from  the 
rise  in  temiwrature,  the  quantity  of  water  present,  and  its  speci6e 
heat,  the  amount  of  heat  liberated  iu  the  reaction  is  detenntncd  at 
once.  A  great  many  forms  have  been  given  to  the  water  calonmrter 
for  special  puiposcs.    The  most  important  of  the  early  forms,  aa 
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baa  already  been  atated,  was  that  devised  by  Favrc  snd  SilbcrnuLim.' 
For  a  number  of  modifications  consult  the  works  of  ISi-rthulot '  and 
Tbomsen.'  One  form  will  be  desciibed  in  somp  detail  below,  just  to 
give  a  clear  idea  of  the  instrument  as  used  iii  practice. 

The  form  obosen  ia  one  which  was  designed  and  used  by  Ber- 
thelot*  especially  for  leactions  iu  solution,  such  a^  the  neutralization 
of  ac'ui»  aiid  baseH.  (The  ap|iai-atuR  is  shown  in  Fig.  34.)  The 
[ilatinum  veasel  A,  holding  alioul  (XX)  c.e.,  is  sunouuded  by  a  vessel 


~~1 


Fid.  'M. 


«appnr,  wU«Ii,  ]n  turn,  is  elosely  surrounded  by  a  silver 
B.    Tlie  wbolA  is  Introduced  into  a  double-waited  vessel  of 
Iron  C  GoutainiiiK  water  Iwtween  the  walls.     This  water  is 
"agitated  by  means  of  the  Atirrer  D,  and  ita  temperature  read  on  the 

1  ^hh.  Chlm.  P\yi.  [S],  U,  U'  (ISU)  ;  [»]  SS,  1  (tUS). 

'  Maial  dt  3ircaniq\u  Chimique. 

■  ThrrmnfkfjaUrhe.  UnUrruekuiffriL 

*  Bt»ai  Ht  Jlicautqut  CMmitUt,  I,  p.  1*0. 
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tliern)otnet«r  E.  Th«  whole  appunitiis  is  tiiai  stirrounded  liy  some 
Bon-cund lifting  materia],  such  u»  felt,  ani]  is  kept  in  a  room  im  nearly 
as  possible  at  constant  t«niiwrature. 

If  the  HquidH  are  such  as  would  Tvnct  on  platinum,  the  innor^ 
m08t  vessel  should  bf  made  ot  very  honJ  glass. 

Th«  liquid  in  the  talorimeter  proper  {A)  is  stirred  thoroiigbly 
by  neaoa  of  a  platinum  or  glass  stirrer,  which  is  niovvcl  backward 
and  forward  in  the  liquid. 

The  theimoineters  employed  must,  of  course,  be  very  carofolly 
calibrated  and  standardized  against  some  staudard  instrument. 

Tlie  Exploeion  Branb.  —  lu  order  that  a  reaction  csin  be  studied 
theniiocheniioally,  it  must  fidBl  the  following  conditions  :  First,  it 
must  take  plaee  at  ordinary  temperatures;  aeeond,  it  must  proeeed 
rapidly  to  tht>  eud.  A  large  munher  of  reactious.  which,  under 
ordinary  circiiiQAtajtceti,  du  not  fulfil  the  alx)ve  condiliona,  oaa  be 
nade  to  ful&l  them.  Thus,  many  prooeitsea  of  couihu^tion  do  not 
take  place  at  ordinary  teuiperaturea  at  all  in  Ute  air,  and  even  at 
elevated  teniperatures  require  oonwiletablrt  time  for  their  eouiplelion. 
Many  sni^li  reactions  can,  however,  be  iiinde  to  prix-tfed  rapidly  to 
the  end  In  a  very  brief  periixl  uf  time,  if  tliey  laki-  plai-ie  in  tli« 
preaence  of  oxy^n  under  increaseil  pressure.  For  this  purpose,  ftn 
apparatus  baa  been  devised  in  which  combuKtiotia  <^an  readily  be 
eftect«d  at  ordinary  U'lnperaturea. 

The  ennibustiuii  or  explosion  Iximb,  as  it  is  termed,  while  Ix-aring 
certain  relatione  to  a  form  of  apparatus  early  deriiwd  liy  Andrews,' 
we  really  owe  to  Uerthelot.' 

The  fonu  of  Ujuib  which  is  used  at  present  is  seen  in  the  sccQm- 
paiiyinii:  figure  (Fig.  35). 

This  is  the  form  witli  which  so  much  good  work  lias  been  doiie 
by  Stohmnnn'  and  his  assistants  in  Lvipiig;  Stohmaun  himself 
having  w<jrki>d  with  Iterthelot  in  Paris. 

The  walls  of  the  bomb  are  of  stoel.  and  are  suSieiently  thick  to 
withstand  very  great  pressure.  The  bomb  was  lined  on  the  inside 
with  platinum.  Itut  since  this  required  more  than  a  thousand  ^rftmt 
of  ]>1atiuum.  it  is  obvious  that  some  cheaper  material  would  be  very 
desirable.  The  lining  used  by  Stohmanu  is  enamel,  u-liich  is  not 
acted  upon  by  many  ehemieal  sulmtauces.  Upon  the  vesael  b,  ia 
placed  a  weighed  amount  of  tliL-  substance  whose  bfiat  of  coiubus- 
tion  is  to  be  determined.     An  iron  wire  of  known  Ieui;Ui  rests  upoD 

'  Poffg.  Ann.  7»,  27  (I«4ft3. 

«  Ann.  Chim.  Pli'jt.  [3],  83.  H50  (1881)  ;  [0],  10.  4S3  (IMT). 

*  Journ.  prakt.  Ghtra.  SS,  ^3  (1886), 
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tlie  siibctance,  anil  througli  tliiti  wire  un  electric  4>urr«nt  can  be 

pftMed.    The  iron  bnros  roodily  in  the  oxygen  when  once  heated 

by    the    ciirri'iit,   luid 

i);tutc«  t\w  substaiicG. 

Thu    buiub    it!    tilled 

with  oxygen  under  a 

pressure  of  about  '2S 

atm  OS  pile  res,   from   a 

cylinder      eontaining 

oxygen  under  a  higher 

pressure,    and    then 

closed      by      tightly 

screwing    down    the 

top.    The  whole  bomb 

is  then  immersed  in 

thewaterof  ;iHii!i:il)l> 

arranged  caluiiiiii;l<--i. 

The  current  is  pa-siietl 

thro(if;h     the     win*. 

whiiHi    biirnit    in    tho 

oxytten    and    ignit«s 

tlie    »ub«titnen ;     and 

tlie  onnibiiKtion  of  tho 

tablet  of  tho  substance 

is  quickly  t^'ompleted. 

Th«  heat  librtuted  is 

measured  in  the  water 

calorimeter     in     the 

usual  manner. 

A  large  nuniiwr  of 
corrections  hava  to 
be  introduced  into  all 
aueh  measurements. 
Thus,  the  heat  which 
is  Ululated  when  the 
iron  wire  burns,  must 
be  taken  into  account. 
Further,  the  Ixjmb  is 
filleil  with  air  at  tlio 
outset,  and  tint  nitro- 
gen of  thi.'4  air  is  oxidized  to  nitric  add.  This  reaction  liberate* 
heat,  and  the  amount  must  be  a»cert«iiM)d  and  the  vorrcction  applied. 
o 
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Id  addition,  thcru  am  all  tho  ordittar;  correctionH  of  calorimetry, 
and  maoy  further  dvlails  whivh  mast  be  learned  by  pntctioe  with 
th«  apparutiis. 

liy  iDi-aRB  of  this  apparatus  the  tutata  of  combustion  of  •  IttrgV 
number  of  substauccs  have  been  studied,  and  our  thvrmochcmiotLl 
kauwlcdge  greatly  esUiDded  in  the  field  of  organtu  clicini»Uy. 


TIIERMOCIIEMICAL   UNITS  ANO  SYUliOLS 

UiLits  naed  in  Thenaoohenuatry.  —  The  unit  of  beat  in  thertno- 
obeiiiical  niflns moments  is  the  i-aloiie.  The  calorie  has  been  defined 
as  till.- quantity  of  ht^ut  required  to  ntitte  one  cutnc  centimetre  of  vat«r 
Olio  ditgree  in  tern pe rat itre.  This  defiiiiUon  would  be  exact  if  it  bad 
not  bcoii  shown  tliat  the  Hjiecific  heal  of  wat«r  varies  with  the  t«in- 
pvraturtf.  The  wurk  of  Rowland  and  oUiers  ha-t  made  it  certain 
that  th«  aniiiniit  of  li4>.at  reiiuired  to  raise  the  u^uijierature  of  1  cc. 
of  watrr  rniiii  if  to  1°,  is  nnt  the  satiie  aa  t)ie  iuuouiit  uecc.iiiaTy  to 
raisi;  the  Ic mporature  of  the  same  ([uantity  of  water  from  20°  to  21", 
or  from  tiif  to  51*.  In  our  definition  of  i-.%lori«  we  niUHt,  tlierefore, 
Specify  thu  temperature;  and  the  temperature  usually  chdsen  ix  the 
cvdinary  t«nip*Traturi.',  16°  to  18°.  Tho  difFerunee  of  a  de^''^  is  not 
a  matter  of  any  very  great  importance,  since  the  specific  heat  of 
water  changes  very  slightly  over  this  range  in  teio|>eratiire. 

It  has  also  been  suggested  that  wo  detine  a  calorie  as  y^  of  the 
amount  of  lieat  required  to  ntise  1  c.c.  of  water  from  0°  to  100* 
and  the  suggestion  is  undoubtedly  valuable. 

The  calorie  most  freq\iently  used  in  thennoehemical  taMWon- 
ments  refers  to  18°,  and  it  is  iu  terms  of  this  unit  tliat  thcnnoelwiDi- 
cal  results  are  usually  expressed.    It  is  written  "  caJ." 

Ostwald  has  suggested  a  larger  unit  which  is  one  hundred  times 
the  smaller,  and  is  written  K.     K  =  100  cal. 

There  is  also  a  still  larger  unit  which  is  frequently  used,  and 
which  is  one  thousand  times  the  smallest  unit.  It  is  written  ■'  CaL" 
We  have,  then,  the  following  relations  l>etween  the  tbwe  urnte ;  — 

K  =  100  cttls. ; 
Cal  =  10  K  =  1000  c&ls. 

niermochemioal  Symbols. — ^The  methods  of  expressing  the  re- 
sults of  tln.'rm(*hi."n]ic7al  measurements  arc  simple.  The  symbols  of 
the  substances  which  react  mean  gram-atomic  weights  u(  tho  sub- 
stances.   Thus  — 

U,  H-  0  =  H/)  -t-  CS,3G0  caU. 
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iQcanii  tliat  wh«ii  2  g.  of  hydrogen  unitv  with  16  g.  of  oxygen,  form- 
ing 18  g.  of  vmter  at  ordiiinry  l«iu|>eratiirfj<,  iheru  uro  68,360  cal- 
ories of  heat  liberated.     These  siutie  fiwtii  an  Honiutimes  expressed 

thus:  — 

[H„  O]  =  68,360  +. 

Tlie  plus  sigu  meaoB  that  heat  is  liberate'd  or  that  the  reaction  is 
oxotlienuic.  A  iniuus  sign  would  uieaji  tliat  the  reaction  is  endo- 
thermic.  or  that  heat  is  absorbed. 

If  we  iiiteipret  ihis  in  terms  of  our  energy  ooiaeeptions,  it  means 
Uiat  the  intriusic  energy  of  2  g.  of  hydrogen,  (this  the  iiitrinain  energy 
of  16  g.  of  oxygen,  exceed  the  intrinsic  energy  of  18  g.  of  water  by 
CS,3(H>  calories. 

The  same  principle  liolds  when  coni)iound!i  reaeL    Thus — 

NH,  +  HCI  =  NH,Cl  +  41,900  t-als. 

means  thnt  when  •*((). 4d  g.  of  hydrochloric  oeid  combine  with  17.07  g. 
of  ammonia,  41,900  calories  of  heat  are  liberati^d.  This  is  also 
written :  — 

[NH.  HCI]  =41,900. 

If  we  wish  to  represent  that  the  reaction  takes  place  in  solution, 
the  presence  of  the  large  quantity  of  water  is  represented  by  the  sym- 
bol aq.    Thas — 

KOH  aq  +  HCI  aq  =  KCl  aq  + 1.%700  caJs. 

means  that  whsn  a  gram-niolecular  weight  of  caustic  potash  in  solu- 
tion in  water  nacts  with  a  gram- molecular  weight  of  hydrochloric 
acid  in  aqueous  solutiaii,  there  is  formed  a  gram- molecular  weight  of 
slum  chloride  in  aqueous  solution,  and  13,700  f.alories  of  he»t 
^  liberated. 

If  we  wish  to  repreaeut  the  heat  set  free  when  a  substance  dis- 
solves in  water,  the  symbol  aq  is  written  after  the  fi)riiiula  of  the 
substance :  HC],  aq  =  17,320  means  itiat  17,320  calorieo  of  heat  are 
liberated  when  a  grain-moleeular  weight  of  hydrochloric  acid  gas  is 
dissolved  in  water. 

If  we  wish  to  represent  both  chemical  action  and  solation,  wo 
write  as  follows:  — 

H  +  CI  +  aq  =  HC)  -I-  oq  -f.  3!>,300  oaU. 

And  tills  means  that  when  1  g.  of  hydrogen  oombines  with  35.4  g. 
of  chlorine  in  the  presence  of  wat*r  which  absorbs  the  hydrochloric 
acid  formed,  the  beat  set  free  due  to  combination  and  solution  is 
39,300  calories. 


THE  KLKllENTS  OK  PUYSICAI,  CUKMISTBI 

If  A  compound  ia  broken  dovra  into  its  constitueuts.  this  fact  is  | 
expRWHol  l>y  placing  Uie  minus  sign  befora  tho  fomula  of  tlie  sub- 1 

-  HCl  =  -  22,000  cala. 

Aud  this  mvans  that  when  a  gnun>inolucultir  weight  of  hydroublona  i 
acid  is  ducoiniiosud  into  hydrogen  and  cbloriite,  22,000  caloriMt  of 
beat  arc  absorbed. 

If  we  wish  to  represent  the  statfl  of  aggragatiun  uf  the  stibstanoeg  | 
which  react  and  the  prodtH>ts  forinvd,  this  am  be  dunens  follows: 
The  ga»puus  condition  is  rrpreseutvd  bv  italics,  Um  liquid  by  ordi- 
nary type,  and  the  solid  by  extra  heavy  type. 

IljO=  water-vapor; 
H/)  =  liquid  water; 
Efi  =  iL-e. 
BtOm^  -  H/),«.  =  9670  cals. 

hia  means  that  wbeo  a  gram-molecular  weight  of  water-va 
lOO*  is  condensed  to  water  at  100",  so  mauy  calorics  of  heat  oro  ' 
bee.    The  application  to  other  cases  is  eclf-ovtdoot. 


SOME  RKSri.TS   WITH  THE  ELEMENTS 

It  would  be  iiiiiioflsible  within  the  scope  of  this  work  to  give 
account  of  any  conniderahle  proportion  of  the  theriooi-hemicai  reaulta 
which  have  been  oi>tained.  A  few  of  the  more  interesting  results 
with  ceitain  elemenlB  and  comjioiiiida  will,  however,  be  very  briefly 
referred  Ut.  Wa  shall  tukn  up  tir.Ht  some  rather  striking  reai 
which  wwre  Ket^ured  witli  certaiu  el«iiient.i. 

Oxygen.  — Oxy^cH  is  known  to  exiitt  in  I  wo  modifications,  —  01 
nary  oxjKcu  and  oxon«.  Tho diffei-ence  lH>tween  thette  two  Li  usually 
referred  to  the  number  of  atoms  contained  in  thft  molecule,  —  oxygen 
(xmtaining  two  atoms,  ozono  three. 

Tho  chemical  properties  of  these  two  forms  of  oxypen  are  very 
different,  ozone  being  the  more  active  chemically.  This  would  lead 
US  to  suspect  that  the  molecule  of  oxone  contains  more  energy  than 
the  molecule  of  oxygen.  This  has  i»een  teHted  by  thermocheiuioal 
methods.  Hollmaiin  burned  the  «ani«  ttukitaiicf!  in  oxygen  and  in 
ozone.  The  end  products  were  tin?  suni"  in  both  caMS.  TlnTefore, 
any  dilTerenco  in  tho  amounts  of  h'^at  liberated  must  have  be«n  the 
thermal  w]iiiv;il«nt  of  the  excess  of  intrinsic  merf^  in  tliP  nn«  form  of 
oxygen  over  that  in  the  other,     lie  found  that  more  iieat  was  libet 
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at«d  wh«ii  the  substance  «-aa  burned  in  ozone,  and  l^onoltlded  thst 
the  differencp  in  intrinsic  energy  o(  the  two  modiBoatioiis  of  oxyi^eii 
was  to  be  expressed  by  Uie  followiug  equation  :  — 

2  0,  =  3  0,  +  2  X  17,100  caU. 

Mora  [Yccnt  determinations  have  shown  larger  differences  between 
the  intrinsic  energies  of  the  two  moditications  of  oxygen.  Thus,  Ber- 
thelot '  oxidized  arsenious  to  arseiiii;  acid,  on  the  one  hand  by  oxygen, 
on  the  other  by  Oiwoe,  and  conclude<l  from  the  results  tliat — ■ 

2  0,  =  3  O,  +  2  X  29,600  c-uls. 

Tb»  rtill  more  recent  work  of  Van  der  Meulen,  in  wbioh  ozone 
was  decomposed  by  platinum  black,  gave  the  result — 

2  O,  =  3  O,  +  2  X  30,20(1  eals. 

These  results  show  conclusively  that  a  dlirer«iioe  exists  betWMI 
the  iulrinjie  enei^y  uf  the  moh-aiilt!  of  oxy);;eu  and  lliat  of  omnc,  and 
that  tin-  molecule  of  ozone  contains  the  greater  amount  of  energy. 
The  differences  in  the  chemical  properties  of  these  two  mod iti cations 
of  oxygen  is,  undoubtedly,  very  closely  associated  with  tliia  differ- 
ence in  the  amounts  of  energy  stored  up  in  their  molecules.  We 
shall  sc«  that  similar  relations  exist  with  other  elements  which  occur 
iu  more  than  one  modi ficat ion. 

Solphnr.  —  Sulphur  exists  in  two  crystalline  modifioitions.    The 

.Hm^voniniun  form  t.t  orlhorhontbio,  and  is  ohtaineil  when  iirdinary 

una  itiilpbur  IN  ili»(»lvcd  iu  earlHjn  bisulphide  utnt  the  solu- 

ion    cvaporatiil.      When,  on  the  other  hand,  onlinary  sulphur   Is 

nielt«d  and  allowed  to  cool  rapidly,  we  obtain  monoelinic  crystalit, 

The  moiiM-Iinie  fonn  is  muc^h  Ivn*  stable  than  lli^;  ortliorh»ml>ii:  at 

^^lidiRary  trmpcratun-*,  and  n-mlily  piwsi-.t  over  into  thr  l.ittrr.     It, 

(hercfure,  sei-ms  to   be   tin;  analojicuo  of  ozone,  and  ortborhorobic 

sulphur  of  ordinary  oxygen,  since  ozono  readily  passes  over  into 

ordinary  osyircn.     We  should,  then,  expect  that  the   molecule  of 

monoclinic  sulpliur  would  contain  more  intrinsic  energy  than  that  of 

orthorhouibic  sulphur.     This  was  tested  by  Favre  and  Siibermann.' 

When  orthorhouibic  sulphur  was  burned.  71,000  calorics  of  heat  were 

Iitiemt«i).     When   mnnoelintc  sulphur  was  burned,  1^,300  calories 

were  m^t  fnv.    Tin-  difference,  2300  calories,  is  the  thermal  equiva. 

lent  of  the  difTcrence  in  the  intriuaic  energy  of  the  two  modifications. 

"  Ann.  Chlm.  n-m-  \r,].  10.  Ite  (1878). 
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Carbon.  —  Carbon  exists  iu  a  number  of  uiodificjiUons,  —  ordiiuuy 
anjitrpliouK  carbon,  Krajihite,  iliriinoiul,  eto.  Th«  (hwik-  qu«stioa 
DA-istra  Imre  as  baa  alrwuly  bf.cii  voHWidcT^ui  Id  ibe  oises  uf  oxyg.tn 
and  Biilfjhur:  is  thcrp  a  ililTeruiil  uniixint  of  wtoritj-  c-onbuiird  in  the 
inolrciilfs  of  tlipse  diffen-nt  forms  of  ciirboii?  TliU  hu  been 
auswcrpd  by  Kavre  and  SiUipnnaun,'  wbo  di-t^rmiawl  tbo  lieats  cf.^ 
combustion  of  the  diffcrunt  inodilications  of  carbon,  and  found :  — 

For  cliaccual Oe.SSO  o»l>. 

For  retort  carbon W.630  laU. 

For|ir*phlt« OS.MOoUg. 

FordiamoLd ''"'It^'*^ 

Of  the  different  modificutioiiH  of  carbon,  charcoal  eonttiiiiH  the  great- 
est amount  of  energy,  aiitl  the  crTStiitliEed  modi  locations,  gntpbite 
and  diamond,  the  lca«t.  The  xaiiie  g<;iierul  rcAulta  obtained  with 
other  elements  appear  here  In  the  ease  of  carbon. 

Fhoaplionia.  —  A  fourth  non-metallic  element  which  exists  in 
more  than  one  form  is  phosphorus  —  yellow  or  ordinary  phosphorus 
and  the  i«d  modification.  Thrse  eontiun  different  amounts  of  energy 
in  their  molectiies,  as  is  shon-n  by  the  different  amounts  of  heat  set 
free  when  they  are  burned  to  the  same  end  product.  When  yellow 
phosphorus  is  transformed  into  red  there  are  about  37,300  oaloriefl  of 
heal  liberated.  This  is  approximately  the  thermal  equivalent  of  the 
diffi-rent^e  between  the  intrinsic  energies  of  the  two  loodiGcations. 

Mueh  work  has  been  done  on  the  thermochemistry  of  other  iaot^ 
gaxiin  elementfi,  and  also  an  enormous  ainoiuit  on  the  tlierouU  mla- 
tioii!!  of  the  metallii;  elenn-nts ;  but  for  the  results  obtained,  reference 
mn-it  Im^  hail  tu  <tome  of  the  larger  workit,'  which  de^  more  in  detail 
with  thermocbi'mii^ot  results. 

NKUTR.\UZATION  OF  ACIDS  AND  BASES  I 

Heat  of  Neatralization.  —  When  solutions  of  acids  and  bases  are 
brought  t%'ether,  heat  is  liberated.  Quantitalive  measurements  of 
the  amounts  of  heat  set  free,  brought  out  a  simple  and  very  impor- 
tant relation.  This  can  best  be  seen  from  the  following  results  for 
strong  acids  and  bases.  Gram-molecular  weights  of  different  acids 
were  brought  together  with  a  h' ran) -molecular  wei{;ht  of  a  giren  bft«e,  | 
both  the  aoid  ami  ba.ie  twing  present  in  very  dilute  solution.    The] 

*  Ann.  ChSm.  Phy*.  \&1.  84,  40B  C19U).  ^H 

•OsinalJ:  Lrhrb,  d.  Allg.  CTifin.  11,     TbomMSi  TkfTmofXemueht  OiO^A 

nukuHfffH.     Duribului:  EtmS  dt  Mi'-antqv4  CAtnrigiM-  J 
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amounts  of  bent  set  fnw  by  u  iiumbvr  of  acids  when  DCutnlized  witli 
the  base  sodium  hydroxide,  w«re:  — 

Hui  ur  NccimAtiUTHUi 

Ilydnx'liluric  acid  and  M>d[iini  hydroxide   ....  18,700  calk 

Ilydrobromlo  ucid  »iid  Hodiuai  bydrwdde  ....  13^700  cola. 

NItrlR  oeld  and  liodiuin  hydnuiida tSiTOO  C&I& 

Ilydriodic  acid  and  sndliun  liydroxide        ....  13.800  oali. 

Chloric  ACid  aiid  aixliuiii  liydroxide 13,700  cob. 

ItMmic  ncid  tuid  nodluin  hydroxide 13^780  ait. 

Iodic  acid  and  eodliim  hydroxldo IS,810  cala. 

The  reniai-kable  fact  comes  out  that  th«  heat  of  neiitrgjitution  of 
thoHe  strung  acids  with  a  givon  tiajte,  xodiuiu  hydroxide,  is  it  vonstant. 
Tills  Muggesta  a  further  question  very  clonely  i-orrctlati-<t  to  tho 
above.  Suppose  we  neutraliKe  a  i^veu  acid  with  a  number  of  basM, 
will  the  heat  liberated  be  a  eon.itant,  and  if  ho,  will  thta  bear  uy 
close  relation  tu  the  abort-  <K)iitttaiit  wiiere  the  ba.te  was  tho  >ain«  and 
th«  acid  changwl  ?  This  ciui  be  aiiKwered  by  th«  followin^t  results, 
in  which  liydrochloric  aeid  was  neutralized  by  a  number  of  biUiGa:  — 

HitiT  or  NimiiiiiATioH 
Ilydnii'lilorlc  ucid  iiiid  iilliiuui  liydruxidn    ....    13.TO0  oak. 
IlydiMohlnrli:  itcid  mid  poumiuni  liydnixido      .       .       .    13,700  eaU. 
Hyilriiclilorle  nrld  and  bailiim  hydroxldo    ....     13,800  Cala. 
Ilydrui'lilork'  acid  and  talciuiu  liydroxida  ....    I3,M0  oaU. 

The  heat  of  nentraliiuition  of  a  pyfu  a<:id  with  a  number  of  bases  is 
hImo  a  consta.iit.,  provided  the  ucid  and  leases  are  present  in  very 
dilute  gohition.  Bwt  what  is  even  more  surjiriHinf;,  the  c-ODHtnot  in 
thin  uiise  h<i»  tliu  sttine  valuv  as  in  the  iirtrcediiig  case  where  the 
base  WK»  unchanicvd,  and  the  nature  of  thc^  lu'id  varied. 

These  facts  when  they  w«re  first  iliseorered  were  very  perplexing. 
Indeed,  no  satisfactory  explanation  of  them  could  be  furnished,  and 
it  was  not  until  th<r  theory  of  electrolytic  dissociation  was  proposed 
that  wo  could  account  for  thcin  at  all. 

Explanation  of  the  Constant  Heat  of  Neutraliiation  of  Strong  Acids 
and  Strong  Bases.  —  It  is  one  of  the  crowning  glories  of  the  theory 
of  elt-cirolyiii^  ilitisociation,  that  it  not  only  explains  all  of  the  facta 
in  connection  with  the  neutralization  of  strong  adds  and  bases  in 
dilute  aqtienuB  solution;  but  these  facts  are  a  necessary  consequence 
of  the  theory. 

Take,  as  an  example,  hydrochloric  acid  and  sodium  hydroxide. 
In  a  very  dilute  aqueous  solution  of  hydrochloric  acid  all  the  mole- 
cules art  dissociated  into  hydrogen  and' chlorine  ions  thus:  — 

HCl  =  fi  +  CL 
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Similarly,  in  dilute  aqueous  solution,  the  molecules  of  sodium  hy drox> ! 
ido  arc  complvWly  broken  down  into  iona:  — 

NaOH  =  Sa  +  OH. 

When  the  dilute  Aqueous  solutions  of  the  base  and  Jicid  are  brooght^ 
together,  till;  JuUowini;  rea<;tion  takes  place: — 

Na+  OH  +  H  +Ci  =  Na  +  Ci  +  HA 

The  cation  of  th«  boMissodiiim,  anil  tli«  Anion  of  the  acid-chlorine, 
rdmaiii  in  aolulion  as  ioast  after  tiiv  yvtxvsn  of  nvtitnilizatioD  in 
vxitiHly  ttiv  Hamo  condition  an  kx^fore  neutral iiation  took  place.  The 
•oioD  of  Uic  baxo-liydroxyl  and  the  cation  of  the  acid-hydro^n 
oombinc  and  form  a  mok-cult!  of  water. 

It  may  hn  \iTgvd  that  thu  sodium  and  chlorine  iona  combine,  since 
sodium  chloride  is  formed  as  the  rrstilt  of  the  nentralixation.  The 
Bait  is  formed  if  the  solution  is  evaporated;  i.e.  if  the  aolutiou  la 
ooncentruted.  But  it  ciui  be  shown  by  several  separate  and  inde- 
pendeut  methods,  that  a  dilute  soliitiou  of  sodium  chloride  contains 
only  ions  and  no  molecules.  The  aodium  and  chlorine,  then,  remain 
as  ions. 

The  hydrogen  and  hydroxyl  pombine  and  form  a  molecule  of 
water.  This  is  proved  by  the  fact  that  wat«r  is  always  formrd 
aa  the  refiiilt  of  the  process  of  neutralixnlion;  and  fiirUier,  it  has 
been  shown  by  a  half-down  different  mothod.i'  (hut  hydtt^nn  and 
hydroxyl  iona  cannot  remain  in  the  presence  of  otie  anotliitr  nncom- 
bined  lo  any  appreciable  extent.  This  is  the  same  aa  to  aay  that 
water  is  practically  undissociated. 

Since  hydroxy]  ia  the  anion  of  erery  lase,  and  hydrogen  the 
cation  nf  every  acid,  the  process  of  n<-uLralixat,tnn  of  any  stronj;  acid 
will)  any  .ttrong  base  in  dilute  solution,  consists  in  the  union  of  the 
hydroxyl  ion  of  the  base  with  the  liydru^i-n  ion  of  the  acid,  forming 
a  molecule  of  water. 

The  process  of  neutralization  of  any  acid  by  any  base  is,  thetfr 
fore,  exactly  the  same  as  the  process  of  neulraJization  of  any  ottisr 
acid  by  any  other  base.  The  total  heat  that  is  liberated  when  a  f^ram- 
equivalent  of  a  completely  dissociated  acid  acts  on  a  gram-equivalent 
of  a  completely  dissociated  base,  is  the  heat  set  free  by  the  union  of  a 


I 
I 


>  Ostwald :  Zltehr.  pAy«.  Ckfm.  11,  621  (1603).    V(>i :  /MA  11.  4fts  :  IS. 
&M  (1H93).     Arrhenlus:  Ibid.  It.  S3T  (1MI3).     Broillx:  tbbl.  II.  B30  (18 
KeR»t:/tiU  11.1^  (IBM).   KoUniiucb  «id  Ue;dwvillei;  f&M.  14,SIT(I«H). 
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gram-equival«iit  of  b}'droxyl  ions  with  a  gram-equivalent  of  hydrogen 
ions.    TbuH:  — 

H  aq  +  oil  aq  =  13,700  cala. 

Since  all  proees-tea  of  neiUraJixation  of  mm/ietdif  diiaodaled  a^ids  and 
bases  are  l/ie  vaate,  the  heat  of  neutralixnlinn  ofali  yiic-A  aciilt  and  tatet 
must  be  u  coii»taiit,  aiid  mu»t  bf.  thu  heat  of  comltinatit/n  of  a  graiH' 
etjuiratvtil  uf  h<iilni.ryl  null  ht/dnK/rn  i/ms, 

N«utralizatioa  of  Weak  Acid*  aud  Bum.  —  If  eiihor  the  acid  or 
base  i»  wliat  we  Icnu  weitk,  th«  hcut  of  noutraliiation  is  not  13,700 
ealoi-iv»,  but  differii  from  thU  value.  Thus,  taku  thu  follovring  exam- 
ples :  — 


Formic  acid  and  aodlnm  hydroxide        . 

Aoetio  Milt  aild  (phUuiu  byilruxide  . 

DloMoraoeUc  aciti  iiiid  (udiutu  hydroxide 
Talaric  acid  and  aixtium  tifdrnxldn 
FluMpboTia  acid  nod  8(>dluai  liydtozlde  . 


Hut  or  Kimiuiims 
13.100  caU. 
1.1.300  caU. 
14,^40  cala. 
14,001)  cala. 
14.830  eoU 


In  these  vases  the  acids  ftre  w«ak  and  the  biuc  is  strong;  neverthe- 
less, there  are  cunsidi^rHblu  differences  between  the  heats  of  ueutral- 
imtion  aiid  the  nonstant  1. '3,700  calories. 

Ritnilar  results  were  obtained  when  weak  bases  were  neutralised 
with  a  stroiii;  acid.  If,  however,  both  acid  and  base  are  weak,  tlie 
heat  of  lu- lit  rati  Kati'>n  ditfcr»  still  more  from  the  constaut  13,700 
calorics.     A  few  (.'XAuipIcs  of  this  condition  are  given  below: — 


^^^Valerlo 


Bam  or  Kiimjiuunoii 
add  and  ammonlam  hydroxide   ....       11,000  cala. 
.ottlooold  nnii  niniiiiiiiliini  bydroxld*    .       .       .       .       11,900  cala. 
Valeric  acid  aud  aintnoiiioin  bydroxide    ....       U.TOO  tvdn. 


When  the  weak  ba.«e  ammotiia  is  neutralized  by  the  weak  organic 
acids,  the  beat  of  neutralizatioii  differs  very  widely  from  the  con- 
stant l.t,700. 

Zxplanation  of  the  Result*  with  Weak  Acids  and  Bates.  —  If  the 
a«i<l  or  \>nse  is  weak,  wi-  thai!  k-aiii  that  it  is  only  little  diitsociated 
by  water,  oven  in  dilute  solutions.  When  only  a  part  of  the  acid  or 
base  in  dissociated,  the  process  of  neutralization  could  proceed  oiUy 
until  all  the  dissociated  substance  had  reacted  ;  were  it  not  for  the 
fact  that  as  soon  aa  the  ions  already  present  begin  to  read,  more 
ions  would  be  formed  from  the  undissociated  moleoulea,  or,  in  a  word, 
the  process  of  disaociation  would  continue  as  the  reaction  continued 
ontil  all  the  molecules  had  dissociated. 

When  molecules  dissociate  iuto  ions,  heat  is  either  evolved  or 
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oonaunied.  The  thermal  chati^  which  uccoinpaniwi  the  disaocia- 
tlon  of  the  uodissoL-iatml  idoIccuIgs,  cither  incntnacs  or  diminishes 
the  nuiouat  of  heat  set  free  due  to  ucutraHzation  alone.  If  the  heat 
«r  ili.iaociation  is  {wsitive,  it  ad<U  itself  to  the  hi-at  of  neutral  izatioo  i 
it  iicj^ative,  it  diminishes  the  heat  of  npiiliatization.  Thus,  the 
h»at  which  is  liherated  when  a  weak  acid  acts  on  a  weak  base,  may 
Iw  wther  greater  or  less  than  the  constant  13,700  calories  —  greater 
when  tlic  heat  of  di-isociatiou  is  jiositive,  less  when  it  is  D^ative. 
It  could  be  e<]ual  to  tlie  constant  only  when  the  heat  of  dissociaticu 
is  zero. 

The  facts,  tlion,  i^r«e  with  th«  thenry,  not  only  when  the  add 
and  bass  ars  completely  dissixtiati'il,  but  whtin  Uie  dis^oeiatioD  is  not 
complete.  Wc  could  prodiut  from  tb«  theory  of  elcctrolytio  diuo- 
ciation  that  the  heats  of  Rcutntlizutiuu  of  w<-ak  acids  uiut  basr« 
would  not  be  a  constant,  with  the  saiuc  certainty  tlmt  wc  oould  pre- 
dict the  constant  value  of  the  heats  of  neutral ixatioa  of  completely 
dissociated  acids  and  bases.  The  apparent  exceptions  pri>»cnt«d  by 
the  weak  acids  and  bases  furnish  as  strong  confirmation  of  the 
theory  as  t!ie  cases  wliich  conform  to  rule. 

Explanation  of  ths  Law  of  ths  Thermonentrality  of  Solatiotu  of 
Salts. — The  theory  of  electrolytic  dissociation  furnishes  ua  with 
the  first  rational  explanation  of  the  law  of  tlie  thennoaeutfality  of 
lialt  solutions.  This  law,  which  it  will  be  remembered  was  disoov- 
ered  by  Hess,  stales  that  when  dilute  solutions  of  salts  are  mixod 
there  is  little  or  no  change  in  the  heat  tone.  This  is  a  necessary 
coiisequeuoe  of  our  theory.  Take  two  salts,  sodium  chloride  and 
potassium  bromide.  In  dilute  aqueous  solutions  these  exist  entirely 
as  ions :  —  ,         ^ 

NaCl  =  Na  +  Cli 

KHr  =K   -f- bV 

When  the  solutions  of  these  salts  are  mixed,  all  of  the  parts 
temain  in  solution  a^  ions.     There  is  no  chemical  action  whatso-: 
ever,  every  constituent  remaining  in  the  same  oondition  afu-r  as ' 
before  mixing,     There  is,  then,  absolutely  no  reason  to  ex]>ect  any 
thermal  change,  and  none  resulta. 

We  can  now  begin  to  see  the  importance  and  n-ide-reaching  sig- 
nificance  of  the  thi'ory  of  fftectrolytic  disswialion.    Thi.t  theory 
furnisher  us  with  thi>  explanation  of  the  comitant  heat  of  noutrali*  _ 
zatiOD  of  airida  and  bases,  and  of  the  law  of  th«  thermoEtentrality  ctf  ■ 
salts;  am!  this  is  but  Ihe  beginning.     Wc  shall  sec  as  our  snbjeot 
dorelops,  tliat  it  has  thrown  an  «ntirely  now  light  ou  a  great  num- 
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of  cheinical,  physical,  and  biologic^al  problems  whii^,  without 
its  aid,  were  simply  empirically  establishtsd  facts,  whosu  ineauiug 
was  entirely  shrouded  in  darkness.  W'v  sliall  see  that  tbi»  theory 
is  fuudameutal,  if  V6  hope  to  mse  chemistry  from  empiricism  to 
the  r:itik  c.f  un  I'Xiict  science. 

Thermoohemical  Uethod  of  DetermiiiiDg  the  Bektive  Strengthi  of 
Acids  and  Bases.  —  One  ini|)onaDt  application  of  the  heal  of  u«utral- 
i/atiiiti  niu.tl  liK  (ruusidu'ed  here.  We  have  seen  that  wht-ti  a  very 
diliitu  Duhition  of  any  Htri>ii{(  aiu<t  M^t»  on  a  v^ry  diliile  solution  of 
any  stroui;  bnso,  the  hi.-at  liberated  is  a  constant,  iiiilepvndcut  of  the 
nature  of  the  acid  and  the  nature  of  the  base.  This  applies  only  to 
very  dilute  solutions.  If  tlic  solutions  are  more  concentrat«<d,  the 
heat  libeiatetl  on  neutralizing  an  aeid  with  a  base  depends  on  tho 
nature  of  tho  acid  and  also  on  the  nature  of  the  base.  This  fact 
has  been  utilized  to  determine  the  relative  strength  of  acida  and 
haae.i,  and  in  the  following  way. 

fiiven  the  problem  to  determine  the  relative  strengths  of  hydro- 
eblorio  and  sulphuric  acids.  Ad  equivalent  of  each  acid  is  neutral- 
i7.<>d  by  an  equivalent  of  some  base,  say  sodium  hydroxide;  and  the 
amount  of  heat  set  free  in  each  case,  determiueiL 

To  one  equivalent  of  hydrochloric  acid  and  one  equivalent  of 
sulphuric  ai-id,  under  the  same  conditions  aa  above,  and  in  the  pr«». 
enee  of  each  other,  one  equivalent  uf  the  liase  is  added.  If  all  the 
base  went  to  the  hydrocliloric  octd,  the  heat  liber.tti^d  would  Im  the 
same  as  that  set  free  when  the  ba.sn  aete<l  on  liydrotihloric  acid 
alone.  If  idl  the  base  vreut  to  the  sulphuric  a^^id,  tlie  heat  liberated 
would  be  equal  to  the  heat  of  neutraliMtion  of  the  sulphuric  iicid  by 
the  base,  under  the  samt-  eondidons.  If  the  base  went  part  to  tho 
hydrochloric  acid  and  part  to  the  sulphuric,  the  amount  of  beat  set 
free  would  lie  between  the  above  two  values, 

The  latter  condition  is  the  one  which  always  obtains.  The 
amount  of  heat  aet  free  falls  between  the  amounts  libcnttcd  with 
each  acid  .leparateiy,  and,  consiequenlly,  a  part  of  the  base  goes  to . 
each  acid.  Knowing  the  amount  of  heat  liberated  with  each  acid 
separately,  and  the  amount  of  heat  set  free  when  the  acids  are 
treated  in  the  presence  of  each  other  with  one-half  enough  base  to 
neutralize  them,  we  know  at  once  the  way  in  which  the  acids  divide 
the  base  between  them ;  and  this  is  tlie  expresaioo  of  the  relative 
BtrenKtbs  of  the  acida. 

The  attove  line  of  reasoning  is  given  for  the  sake  of  simplicity 
and  clearne.is.  In  actual  practice  tlie  mode  of  procedure  is  some- 
what different,  though  the  principle  is  the  same.    One  acid  is  allowed 
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tn  act  on  a  sail  of  tlie  other  acid,  and  Uie  final  distributiOD  of  the 
haae  between  the  two  acids  determined  l>y  the  amount  ol  heat  set 
free.  This  mctliod  of  aolviog  the  problem  is  relatively  complex. 
Take  the  action  of  nitrio  acid  on,  aay,  sodium  sulphate.  It  is  neces- 
sary to  know  the  heat  liberated  when  nitric  acid  ta  nentialized  by 
tlie  ba.se,  when  sulijhuric  acid  is  neulralized  by  the  base,  tlie  UrM 
tvolved  when  siilphurio  acid  acta  on  sodium  sulphate,  vlieu  nitric 
■eid  antr!)  on  ttoiliiiiii  nitrate,  and  also  whether  there  is  heat  evolved 
wtt«n  tlie  two  acids  art;  liroiiglit  together. 

Given  all  of  the  above  data,  it  is  possible  to  determine,  approxi- 
matoly,  thr  relative  strenfttUs  of  iiitrii^  aud  sulphui-ic  aciiU.  It  is, 
howvvor,  otivioiiM  that  tlii.t  method  of  determiniiif;  the  jiln-H]^s  of 
acids  is  vort'  comptiuttod,  and  furthitr,  when  wn  connidiT  llie  rela- 
tively targe  urrura  in  all  tlii.iriuuehi;mi(!ul  nioa»iir<-in«nti«,  the  rcaulta 
obtained  in  this  way  could  not  bn  mora  Uian  apiiroximutions.  The 
abovi'  mi'th'xl  i>F  d>^-Uirmiiiing  the  rotative  strengths  of  acids  is  ttot 
used  at  all  at  jirc.smit,  siiK«,  as  we  shall  looii  learn,  we  hare  far  more 
accurate  and  very  simple  mctliotls  for  solving  such  problems.  Iba 
thermochemioal  method  liiu  lieco  biieliy  ooDsiderrd  here  for  the  sake 
of  oomplcleuess,  and  Im-c--iiu»c  it  acquired  (wnsidurultlc  prominence  at 
a  somewhat  earlier  period. 

Th«  tlicrmoehvmic^  mctliod  of  determining  the  relative  strength 
of  bases  is  exactly  the  same  iu  principle  as  that  deacribod  abore  for 
acids.  Given  two  bases  whoso  mlative  strengths  are  to  he  deter- 
iDined.  An  equivalent  of  each  base  is  neutralixed  with  a  given  acid, 
and  the  amount  of  heat  measured.  Then  one  equivalent  of  the  uoid 
is  added  to  one  equivalent  of  the  two  bases  iu  the  preseuoe  of  ■■a<;h 
other,  and  the  amount  of  heat  determined.  From  the  relati<iits  of 
these  three  quantities  the  division  of  the  acid  Wtween  the  two  bases 
is  ascertained.  Here,  ai^ain.  in  practice  one  Ixtse  in  allowed  to  act 
on  the  salt  of  the  other  base  with  the  acid,  and  tliw  <Uv)Ni<>n  of  the 
acid  twtween  the  two  hases  determined  by  thermal  mi^hods.  Tlie 
method  here  is  just  as  conipli;x  as  whtiu  applied  to  the  relative 
strengths  of  acids,  and  has  bet-ii  entirely  supplanted  by  more  retiued 
methods  for  determining  the  relative  streiigtti:«  of  txues. 
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SOME   RESULTS  WITH  ORGANIC  COMPOCNDS 

Heat  of  Formation. —  By  heat  of  formation  of  a  coiDponnd  we 
mean  the  amount  of  heat  which  is  set  free  or  absorbed  whew  the 
compound  is  formed  by  a  direct  combination  of  the  nonstitueiit  ele- 1 
ments.     In  order  that  the  term  "heat  of  formation "  may  bavvBj 
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ititatire  sigiiiBnance,  w«  miitit  deal  wtUi  definite  ainounts  of  aab- 
stmoMj  and  in  ordi^  th&t  the  heats  of  furiuiitioD  of  differeut  sutv 
stiutfMMt  iiiav  be  compamltle,  we  must  deaJ  with  oouipai-able  amounts 
of  substaiictts.  We  choose  for  sake  of  eonvenieiice  uraiu-iiiolecular 
weights  of  siibMtitDuns,  and  determine  heats  of  forniutiun  in  ixnns  of 
these  qaaiitiLi<-s.  The  heat  of  foraintiini  of  a  eoin[i(iuiid  is,  then,  tlio 
Ainouut  of  heat  sot  free  or  absorlK-il  when  »  grnm-muWutar  weight 
of  th?  ixiinpound  is  formed  from  it»  (■I«nu-iiUi. 

The  beat  of  combination  of  a  eoiupontid  miiy  bu  dct«rmin«d  in 
many  case!)  dinwtly,  by  allowing  the  rlemenls  to  combinv  and  meas- 
uring the  heat  set  free;  but  in  many  cnsi-s  this  is  not  possible.  X 
large  number  of  aubalances  cannot  be  formed  directly  from  the  el»- 
ntents.  In  such  cases  an  indirect  method  of  determining  the  beat 
of  formation  tnust  be  employed.  The  indii-ect  method  moat  com- 
monly used  is  to  bum  the  elements  in  oxygen ;  then  buru  the  eom< 
pound  in  oxygen,  and  measure  in  each  case  the  amount  of  heal  set 
free.  Since  the  proilucts  of  the  combustion  of  the  elements  ai-e  the 
same  as  the  |)Todtie(s  of  the  combustion  of  the  eompound  containing 
these  elements,  any  difference  in  the  amounia  of  heat  set  free  in  llie 
two  cases  is  the  heat  of  formation  of  the  compound. 

Take  the  case  of  methane.  It  would  be  impossible  to  determine 
directly  th*  heat  of  formation  of  methane.  This  can,  however,  be 
detjirraineil  very  easily  by  burning  carix)!!  in  oxygen,  by  burning 
IiydroKeii  in  oaygeit,  and  finally  by  burning  llie  mttthane  ■»  oxy- 
gen. Any  dilTerencR  lH>lween  the  heat  of  coinbiution  of  tlie  com- 
pound ami  the  Num  of  the  hi'ats  of  combu.'tlion  of  the  elements  is  the 
tlH*t  of  formutiim  of  the  eoni|)uun<l.  The  following  results  were 
oMaiued  in  this  case :  — 


ntai  libi^rated  by  burninf  18  g.  C  in  oxygen 
H«at  liberated  by  buniiog  4  g.  II  in  osygen . 


.    .    .      ea,SOftaibL 
.    .    .     lS8,TS«<»ta. 

Slim  !=  a.'is.eao  mli. 
Ilciil  libvmUiil  by  burniii);  10  g.  mc^Uinne  in  oxygen  .    .    :!ll,IKtDcab. 


The  diffenrnee  bt^tween  the  two  vulties,  21,7<i0  palories,  is  the  heat 
of  formation  of  methane. 

In  a  munnei  exactly  similar  to  the  abore,  the  heats  of  formation 
of  a  Urge  number  of  compounds  have  been  worked  tnit  Indeed, 
there  are  comparatively  few  compounds  formed  directly  from  the 
elemeDta  with  sufficient  easo  to  enable  their  beats  of  formation  to  be 
measured  directly.  Tlie  above  indirect  method  of  nieasuring  heat 
of  formation  is  therefore  applied  in  a  large  majority  of  cases. 
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Heat  of  Combuitton.  —  By  heat  of  connbiution  of  a  <t(>inpou»d  is 
mcuit  tlx!  heat  whidi  ik  erolvod  wlicii  n  <H>nipotiiid  is  numpletely 
burned  in  uxygi^n.  Tht;  «iirb<>ii  under  these  conditions  In  coniplittvtj- 
oxidizud  to  carbon  dioxide,  tbv  hydrugr.ii  to  irrat«r,  tlie  nitrogva  to 
nitric  acid,  and  the  sulphur  to  suljihiir  trioxidp.  Thu  hcjit  of  com- 
btistiun  of  organic  oouipoundti  is  a  wry  imjiortant  quantity  to  deter- 
mine,  since  it  is  the  only  means,  in  many  cases,  of  detennining  the  I 
h«at  of  formation  of  the  substance.  As  we  haw  just  seen,  it  is  only 
necessary  to  detcnniue  the  heat  of  combostion  of  the  elenienls  wliich 
enter  into  a  compound,  and  the  heat  of  combustion  of  the  compound 
itself,  and  then  to  subtract  the  one  from  the  other,  in  order  to  arrire 
at  the  heat  of  formation  of  the  compound  from  its  elements. 

Indeed,  the  most  important  quantity  by  far  in  the  field  of  orRanio 
chemistry,  from  the  Ihennochemical  standpoint,  is  the  beat  of  com- 
bustion. In  order  tltat  tliis  sliould  be  determined,  it  is  DeceKsar^ 
that  the  coinbufltioD  should  proceed  to  tlie  end  at  once,  and  that  all 
the  constituents  should  be  completely  oxidi»'il.  For  this  purpose 
the  combustion  bomh,  which  has  been  already  de:^(!ribe<l,  was  d«vi»cd 
and  u;^ed.  Id  an  atmosphere  of  relatively  coniKiitraled  axy){i!ii,  j.c 
Oxy^fH  under  high  pressure,  most  organic  oompouuds  are  ooinplctely 
ozidiEod;  and  by  means  of  the  explosion  method  the  heats  of  com- 
bustion of  an  enoi'iuuus  nnmber  of  organic  stibstanc^s  hare  boon 
ascertained  by  Bertht'lot,'  Ttiomsen,'  Stolimann,  and  T^anijcboin,*  and 
other^c.  A  few  of  the  more  interesting  of  these  residu  are  giyen 
below. 

Saturated  or  Methane  Hydrocarbons.  — The  heat«  of  oombu^tioii 
of  a  niiiiibpr  iif  nii-mbera  of  this  scries  bave  b<-cn  measnivd  by  Thora- 
sen  and  others.  The  rt-stilts  for  a  few  hydrocarbons  are  given 
below :  — 


HlDIUOAIBilBB 


Ru*  or  OAunwuHi 


OvnaoK!^ 


Uethoao,  CH4  . 
Btliaae,  CiH*  . 
Propane,  CiH»  . 
Bulane,  0|Hio  - . 
Pentaiit),  Cilli]  . 


tfi6.ftCata. 
1G8.8CaU. 
168.*  Cals. 
K1B.U  Cals. 


■  Esiai  de  Xffaniijve  CMmigne.  ■  Thernn'clirmiae/ie  UnteTtyf/tttngem. 

'  Jiturn.  prakt.  Chtin.  1836-18;;&. 
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A  oottntaiit  difference  in  coinpoHition  of  CH,  correspoDds  to  very 
nearly  a  coiitttant  difference  in  tlie  beat  of  combustioii.  This  amuiints 
to  ablaut  I'lO  calories. 

The  ftlvct  of  Gou.stitution  in  this  acriea  of  hyi)ri>ciLr1ioiis  is  praoti- 
Cally  )!eru,  —  a  normal  cbinpmind  liaviiig  llio  same  hvtt.t  of  com  bas- 
tion as  an  isn'-iniiimiind  i)f  the  same  i-oHijwsiti'ni. 

The  Untaturated  ^Ethylene  and  Acetylene)  Hydrocarbons. — 
The  results  with  the  unsaturated  hydrocarbons  are  very  similar  to 
those  with  the  saturated. 


llTRTtXITE  llfUILUCAKVUHt 

H£4T  or  ConnrmuH 

DtrrtaurcB 

Amylenc,  Cillm 

333.<C»1*.    . 
4U3.7  Ciil«.     / 
660.6  C»lii.    / 
807,8  CnU.     ^ 

150.3  Calt. 
167.9  CaU. 
IST.OCol*. 

Anmutt  KiDKOoanoiia 

II UT  or  OowiciniaH 

Oawtunn 

310.1  CaU.     » 
467.6  CaU.    / 

I6T.6ChfaL 

The  cotutlant  difference  in  compoAition  of  CH,  has  a  oonrtaat 
influetiee  on  the  heat  of  combustiuii,  whether  the  compound  contain! 
a  larger  or  smaller  number  of  carbon  atoms. 

A  faet  bTOii^ht  out  by  the  above  results,  of  more  tlian  ordinary 
interest,  ia  that,  the  oon.stanl  difference  in  com])oaition  of  CH,  pro- 
duces the  same  difference  in  the  beat  of  combustion,  wlietlier  we  are 
dealing  with  siituratwi  hydrot-arbons  or  witlv  either  of  tJie  .-M-rics  of 
unsaturated  liydrmjirboii.s.  The  mcnuing  of  thi.t  fa«t  is  not  nt  pres- 
ent clear,  but  it  is  certainly  important  from  the  standpoint  of  the 
constitution  of  these  substances. 

Aloohob.  —  The  alcohols  difFer  from  the  oorreflponding  hydro> 
carl)»uH  ill  tliai  tliey  contain  one  atom  of  oxygen  more  than  the 
latter.  They  thus  represent  the  first  stage  of  oxidation  of  the 
hydrocarVionK.  Tlin  heat  of  combastion  of  the  alcohols  is  le$s  than 
chat  of  the  hyilroeurbons,  &%  we  would  ex;iect,  since  they  are  already 
partly  osidixud.     A  few  results  are  given :  — 


J 
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Methyl  kLoabol,  CU|0 
EUiyl  alcohol,  CiUgr) 
Fnipy]  Aloobul,  C|II|0 
laabot;!  olinhnl,  C|H,tQ 


Uut  or  CuamPimwi 


163.3  CsU. 
X40.6  Coltk 
498.0  Call. 


DirmnKB 


108.1  CaIs. 
169.0  C«U. 


Wf!  (Anf.Tvc  the  saiiiu  relation  here  as  with  the  liyiirocarboos. 
AvODi^tant  <lilT<Tem-t!t  in  vumjKiHititm  between  sucoeeilmg  meiubers 
of  the  huuiulug(ins  H»ri<»  eorre8[ioti(lu  to  a  constant  iliSereuoe  in  the 
hejit  «f  (.-onibustion. 

An  wu  h»ve  utiili'il,  Ui<!  hy<lrucarli<in.-i  dilTor  from  the  ootrospond- 
iog  alcohols  in  tliat  tho  luttur  (uiiitJtiii  .in  ox,vt{eu  atom.  We  sbouM, 
thertfora,  expect  a  nuarly  coustiint  <liffi!reno»  between  the  h«at  of 
Goinbnstioa  of  the  hydrocarbon  and  the  alcohol.  Facts  subatantiuto 
this  voodusiou. 


Heat  of  combastion  of  CU,  -CH4O  =29.7C«]». 
Heat  of  combiiation  of  C,II«  -  tljH.O  =  29.9  CaU. 
Ueat  of  combustion  of  C^H,  —  C»HJ.)  =  30.6  Cal». 
Heat  of  combustion  of  C^Hw  -  C»H„0  =  ^8.7  Cult. 


I 


Results  similar  to  tlie  above  were  obtained  with  other  oxidation 
proiltifta  of  the  liydrooarbons.  In  Kouitt  cases  the  effect  of  con^i. 
tutiun  vrns  nioii;  pronoiuiced  than  in  oUiers,  but,  on  the  whole,  noCh- 
>Dg  fsseiitiiilly  iw.vr  winild  Im!  brought  out  bj*  goin^  farther  into 
details  in  this  dintctinn.  One  fnrther  cliutti  of  paraffiue  derivatires 
must,  however,  be  considered. 

Halogen  Snbstitntion  Prodacts  of  the  Faraffinea.  —Take  first  the 
chlorine  derivatives  of  the  parafliues.  A  (:un>lanl  differenoe  in  «oid- 
positiun  corresponds  to  a  constant  difference  in  the  heat  of  combus- 
tiou. 


UtiUiyl  chloride,  CUia 
Ethyl  chloride,  CtDia  . 
Propyl  chlorldfi.  C,H,C1 
iMbulyi  chloride,  CtlltCl 


U  UT  AT  I'vimOfTllKI 


1M.8CUS. 
331.9  Cftla. 
4S0.2  CaU. 
037 .9  Gala. 


DtrtvBmca 


167.1 
16&S 

IfiT.T 
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llesiOts  of  a  similar  character  wf  re  ol^tained  with  other  halogen 
derivatives  of  ttit^  pamftinefl. 

Ad  interesting  relation  betweeu  the  heaUi  of  forninUoii  of  tho 
chlorides,  bromides,  and  iodides  of  the  paraffinrs  hiu  l>oeii  pointed 
out  by  Ostwald."  He  gives  the  followiog  table  of  renulLs,  cal- 
culated from  the  heats  of  combustion  of  tlic  compounds  and  of 
the  elements :  — 


» 


IlMT  Ot  ro*MlTTr>N 

IIk4t  »r  J^ouAtloK 

bitr. 

CH,CI 

CII,»r 

U.2  CaU. 

7^  Cab. 

c,n,ci 

C,IIiBr 

21.N<-nk 

;.ecteis. 

c,n,ci 

88,0  Cala.7  t.H 

CilljBr 

20.1  CaU. 

avtCaU. 

cn.i 

2.8  CnU. 

\a.i  Cfki^ 

C,H,I 

9.0  Cnln. 

19.7  CtiH. 

There  ill  a  constant  difftronce  brtwi<-en  fiw.  heats  of  formfttion  of 
the  bromides  and  chlorides,  and  the  iadiiW  and  oldorides.  This 
diBorence  is  indciwndciit  of  the  size  of  the  ({roup  combined  with  the 
halogen,  •>-  whether  it  is  methyl,  ctliyl,  propyl,  etc.  Results  of 
this  kind  am  certainly  very  closely  connected  with  the  fundamental 
problems  of  the  combination  of  matter. 

The  Thennochmiitry  of  Senxen*. — The  thcrmochemical  rCAults 
which  have  been  obtained  with  benzene  are  espi-cijilly  interestjng, 
as  showing  a  new  application  of  the  results  of  such  meiiniir^ments. 
The  problem  of  the  constitution  of  benzene  has  been,  anil  is  still, 
one  of  the  fundamental  pr<ibl«ma  of  orcanio  chemistry.  The  mol^ 
cnle  contains  six  carbon  atomit  and  six  hydrogen  atoms,  and  the  fun- 
damental  que^iion  is  Ihtt  way  in  which  the  carbon  atoms  are  united. 
The  two  possibilities  be- 


reeii  which  it  has  been 
Bud  ditRdult  Ui  decide     hc  cm 

are  the  following:  — 

In  I  tlR-carlxm  atoms 
arc  uniteil  alternately  by 
single  and  double  union. 
There  are  three  double 
and  tliree  single  bonds  in 
the  molecule.    In  U  all  the  carbon  atoms  are  nnit*d  by  ^iingle  bonds. 


I 


HC 


CH 


C  H 


\e«^ 


■CH 
I 


CH 


Thei«  ate  nine  single  bonds  in  the  molecule.    The  first  formula  is  th« 


)  Lttifi.  d.  AUg.  Cham.  U,  p.  8M. 
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wcll-knowii  licxAftoii  of  Krkitl^;  the  srcond,  Ui«  prism  fonnula  of  la- 
deiibiirg.  Tin-  Bttcm])l  lias  Wi-ii  niaile  Unlecide  betweua tliese  formn- 
las  by  thrr:iiix')u-niiiui!  iDvtIiotls.  Thoinsen  fuuiid  *  that  when  carbon 
js  united  with  carbou  by  thmblK  Unki^e  (C=C)  the  heat  of  combus- 
tion is  different  from  tliat  of  varhoii  uiiitrd  to  cnrbon  by  stnglo 
liokogo  (C  — C).  H«  worked  out,  approxitnately,  the  heat  of  com- 
bustion of  carbon  ander  thr-si;  two  conditions,  and  lUso  the  beat  of 
oombuBtion  of  six  hydrogen  utoms.  He  then  dptfrmined  the  heat 
of  combustinn  of  benzene,  and  found  t)ic  value  788  Oals.  When  the 
heat  of  combustion  of  the  six  hydrogen  atoms  was  sut>tracted  from 
this  quantity,  the  remainder  was  foiuid  to  correspond  to  the  oondi- 
tion  of  six  carbon  atoms  united  by  single  union.  In  a  word,  than 
are  nine  single  unions  in  benzene,  or  the  prism  formula  of  leaden* 
burg  represents  the  structure  of  the  benzene  molecule. 

We  mimt  not,  boweTer,  a4!cept  this  conclusion  as  in  any  way 
final.  We  have  aeen  that  exactly  the  opposite  result  was  rea^^hed 
by  Briihl  from  a  study  of  the  refractivity  of  l)eii?ene.  He  ooncludtd 
from  his  work,  that  there  are  three  single  and  three  douUe  bonds  in 
tlie  beuxeue  luolecule. 

It  muHt  also  be  remembered  Uuit  no  one  method  is  cajmble  of 
settling  Much  a  problem,  to  the  exclu.tion  of  the  n«u1t«  of  all  othvr 
metliods.  A  threat  many  pure.ly  eheuiieal  uii-tlioils  liave  bcien  brought 
to  bear  on  the  problem  of  the  constitutitui  of  lieiiiteniy,  with  the  gen- 
eral result  that  the  hexagonal  fonnula  of  Kvkul^  sei'nis  to  account 
for  the  fiicts  rather  lietter  than  any  other  which  has  bit^i  proposed. 
Imcrc  is  tliis  objection,  however,  to  the  formula  of  Kckul^,  that  it 
^presents  the  benzene  molecule  a»  occupying  only  two  dimensions 
in  spa(;e.  It  should  be  stated  in  this  connection  that  a  number  of 
facts  have  been  pointed  out,  especially  by  Ladenburg,  which  seem 
to  indicate  the  general  correctucss  of  the  prism  formula.  It  is  thus 
obvious  that  the  question  of  tho  constitution  of  benzene  ta  still  an 
open  one. 

Effect  of  ConstitntioD  on  Heat  of  ComlnutioiL  —  Certain  striktufc 
relations  between  the  heats  of  combustion  of  compounds  and  their 
differences  in  composition  have  been  pointed  out.  We  must  not,  how- 
ever, draw  the  conclusion  that  beat  of  combustion  is  oondilioned 
only  by  the  composition  of  the  molecule.  The  constitutioo  of  thfi 
molecule,  or  the  way  in  which  its  constituents  are  uutted,  bw  a 
marked  inttuence,  in  many  teases  other  than  benzene,  on  the  heat 
of  cunibustion.  To  determine  the  effect  of  cunstilution  on  heat  of 
combustion,  it  is  necessary  to  compare  substances  having  lh«  same 

'  ThtmuehtmUche  Unltrtuehvnf/tn. 
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compoBitioDf  but  different,  conatitution.  Such  Ate,  of  course,  the 
welt-kiiowti  isumeric  coiDpouods.  If  we  compare  isomeric  com- 
pounds ImTing  nearly  the  same  coustitutioo,  vre  shall  fiud  compare 
tively  slight  differences  in  the  beats  of  combustion.  This  U  shown 
by  the  following  example :  — 

Him  or  ConcRnaH 

Mciliyl  Ewetai*.  CIUCOOCH,        ....       «0«C»to. 

Kili;WormiiUi,  IlCOoCiiri SOOCala. 

If  the  isomeria  eoinpoiinds  iMftcr  still  more  in  consUtution,  the 
difference  in  the  heata  of  conibiistiou  will  be  still  greater.  Take  the 
compounds ;  — 

•  HaaT  or  Caummoii 

Mcrhyt  fonnale.  HOOOCOi XGS  Csli. 

Ao^iic  aei<l,CU.COOH SIO  Cab. 

When  the  difference  in  constitution  is  very  groat,  there  may  be  a 
Tery  lartce  diffcruuco  botwuen  tliu  beats  of  combustion,  as  in  tlie  case 
given  bvlow:  — 

Beiizen«.  CilU 788.0  Cala. 

Diiiroporsyl.  CtlU 883.3  Cain. 

No  very  important  generalization  connecting  constitution  and 
thermal  relations  has  been  reached.  The  data  at  band  are  far  too 
meagre,  and  the  phenomeua  dealt  wilb  perhaps  too  complex,  to 
admit  at  present  of  any  wide-reaching  conclusion.  It  is,  however, 
quit«  clear  from  thi>  iilxivc  <^xuinpl(«,  that  constitution  has  a  marked 
influ4-nct^  on  heat  of  i.-ombtt»ti»n;  and  tliis  ta  tlie  point  upon  vbicb 
it  is  desired  to  lay  stress  in  this  place. 

The  energy  contained  in  a  molecule  is,  then,  not  conditioned 
solely  by  the  number  ;ind  kind  of  atoms  present,  but  also  by  the 
way  in  which  they  are  combined  witli  one  another.  This  is  proved 
by  the  fact  that  the  heats  of  combustion  of  isomeric  substances 
differ;  and  since  the  end  products  in  such  cases  on?  tlie  same,  the 
molecules  of  isomeric  substauc«s  must  contain  different  amounts  of 
energy. 
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Earlier  ObHrvationi.  —  The  discoverj  of  siniple  electrical  pt 
nomeua  jiri'ceili^d,  by  a  lon^  time,  the  recognitiun  of  tb«  relation'' 
between  elei'lrieily  and  uther  inatiifeHtations  of  energy.     It  was  not 
until  ulmiit  the  middle  of  tbeef ghteentli  ceiitiiry  that  Becearia'  shoved 
that  metala  like  zinc  could  he  obtained  from  their  oxides  by  me^rna  j 
of  the  electric  s^iarh.      In  this  reaction  the  cheuiicat  attracti<in| 
between  tlie  tine  aiid  the  oxygen  waa  ovei-eome  by  tneanfl  of  olcc-] 
ttricity,  and  it  appealed  probable  that  some  relation  existed  belv 
the  two. 

The  (ibMiTvalion  of  Van  Manim  that  nietal  wires  wlien 
by  th<!  iTiiiTeiil  in  au  alinuHphere  of  nitrogen  xvei-e  not  onofettodi 
the  oxide,  a»  Uiey  urere  in  llie  [ii-eiwnoe  of  oxyfiwn,  was  of  a[ 
importanco  a-s  bearing  u])»ii  ttie  theory  of  coiiibustiou  in  voguo 
that  time.     A  burning  Imdy  was  itupposeil  to  give  off  a  xiibstance 
having  nfgntiw  weight,  caltctl  phlogiston.     What  we  now  i-aill  an] 
oxidi;  was  then  tcrmwd  a  "calo."    The  t!al«  differed  from  tb«  metal] 
in  thiit  it  contained  less  phlogiston. 

it'  this  vrits  the  true  vxplanation  of  combustion,  then  there 
no  reason  why  a  heatcul  metal  should  not  form  a  calo  in  nitrogen 
well  as  in  oxygen,  since  neither  of  these  gases  took  part  in  caatly 
tion.    The  fact  that  no  cale  was  formed  in  the  ]>re3enoe  of  uitros 
was  a  strong  argument  against  the  theory  of  phlogiston,  a^i  a 
factory  aud  MufHcient  explanation  of  the  plienonienon  of  eomlKistioo.] 

Oairani's  Discovery.  —  It  was  not  until  the  last  decade  of  ilt«| 
eighteenth  centmy  that  the  wife  of  iialvani  dlMOT»ed  by  necidenti 
that  when  the  crural  iirrve  in  the  hind  leg  of  a  fn>g  wail  tiniehedi 
with  a  tiGal]H;l,  it  was  tJii'owii  into  cotitraclion  by  nn  electric  dis- ' 
charge  in  the  room.  Oalvaiii's  investigations  in  this  field  brought 
out  tite  fact  tlutl  when  both  muscle  and  nerv«  were  connected  withJ 


'  OeKhieltie  Shk.  (Priesily).  Berlin.  17JS. 
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metalliA  conductorR,  especially  when  tbese  were  of  diSereDt  metals, 
the  ooiitraolto»s  could  be  prixluced  without  Uie  presence  of  an  eleo- 
tric  diitchar){e.  He  a.iki^  himsi'lf  when<-e  the  source  of  this  eleo- 
tricity,  zxid  etmduttcd  th»l  it  iiin.it  exist  in  the  aiiiiuul  body.  Thi» 
waj*  thi>  Mini"  "f  lii"  tln'iiry  of  ■'aiiiiiMl  t-li-citii-ity."' 

VolU**  Bisoovery  of  the  Primary  lUttery.  — Tliat  aiong  cou- 
tra(.liijnB  in  tlic  miwlo  wen-  jirochitvd  only  whoti  diffewiit  imUiIb 
wi-re  UBpd,  sliowrd  to  Vwlta'  tliv  insiilliciriicy  of  the  nplaiuition 
offered  by  (.tnlvKDi  to  account  for  tlie  8o<irw  of  the  elwtjicity. 
Volta*  |)oint«d  out  clearly  that  id  order  that  such  con  traction  a 
should  be  produced  it  was  nccvMary  that  two  difTcrcnt  metals,  or 
oonductor§  of  tlio  first  class,  should  be  brought  in  contact,  and  ttt 
tlie  same  time  their  opposite  cads  should  be  brought  in  coniuct,  with 
B  coHiluotor  of  the  second  class.  There  were  thus  two  possible 
suun-es  of  the  electricity ;  either  at  the  contact  of  the  two  different 
metals  with  eacli  other,  or  at  the  contact  of  tJie  metals  with  the  oon- 
ductoTS  of  tlte  second  class,  i.e.  the  liquids  present  in  the  animal 
itaelt.  Ue  oouclnded  that  the  chief  souroo  was  at  tlie  contact  of  the 
two  metallic  surfaces.  Volta  tliu8  di«Un|{ni.<hed  Ix'tween  coiiduo 
torit  of  the  tirat  and  •eoond  classfis ;  ptaciiiii  iu  the  lirsl  llio-se  sub- 
stances which  ooudiict  like  the  inetals,  in  the  scRond  tlic«o  which 
w\.  liki-  :ii|iii-<)iis  solutions. 

The  Voltaic  Pile.  —  The  reoc^aition  of  chemical  action  as  the 
cause  of  galvanic  action  le<l  to  the  construction  of  the  voltaic  pile. 
Volta  constructed  his  pile  of  zinc  and  silver,  placed  alt«rniilely  ovrr 
one  another,  and  moistened  these  with  %  salt  solution  held  by  m>m« 
porous  material.  The  strcngtli  of  such  a  pile  depen<letl  ui>on  thn 
ntimb<-r  of  couples.  The  disoovery  of  the  voltaic  pile  or  battery 
marks  an  epoch  in  the  development  of  electrochemistry.  This 
placed  in  the  bands  of  the  investigator  an  unlimited  supply  of  elec- 
tricity, which  made  it  |wssible  to  carry  on  systematic  investigations 
which  had  hitherto  been  impassible.  From  this  time  electrochem- 
istry developed  by  CTiorm(>ii«  strides  —  one  important  discovery 
qiiii-kly  folliiwini;  anr>lh<-r. 

The  Eleetrolytls  of  Water.  — The  imtirce  of  tbe  electricity  in  lh« 
Toltaio  pile  IxtiMjt  due  to  tbe  chemical  action  in  the  couple,  tbey  had  to 
do  here  with  a  clear  case  of  the  Irunitfonnation  of  chemi(:al  energj'  into 
eleolriral.  The  nt^xt  step  which  naturally  wuuhl  have  Iieeu  taken 
was  to  determine  whether  it  was  potwible  u*  effect  cbeniira!  decom- 
position by  means  of  tlic  eummt  from  suoh  a  pile    This  was  done 
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byllicholson  and  Carlislo'  at  the  beginning  of  the  nineteenth  oentury. 
By  mr-iiDti  of  llii;  uurraiit  thi.-y  decompuocd  wutvr  into  «xjg«D  and  hy- 
drogen, thv  gases  being  tibemU'd  ou  the  two  poles  of  their  pouples 
This  was  au  important  step,  tiiuce  it  Ehowcd  ck-arly  the  transform: 
tiOD  of  electrical  energy  into  chemical,  and  made  it  stroagljT  prob 
able  that,  there  is  a  close  relation  between  the  two. 

Work  of  Davy. — At  this  time  Humphry  Davy'  began  bia 
fipock-making  experimeuta  with  the  eleotric  pile,  which  finally  r& 
sultod  in  the  ae^tarittion  of  the  alkali  metals  fiora  tlieir  oxidea.  The 
d«coni|iodiiti(>ii  of  theae  oxidea  directly  by  the  ouTrent  «as  atron; 
evidence  in  favor  of  itome  chwe  relation  between  chemical  atlractii 
and  uloctncal  atlnu^tiou.  As  tlie  resiill  of  hiH  electroohentioal  Bi 
ies  tir  vfSiA  tnd  to  llii^  litiKtrucktrmiciil  Ihnny  whtch  bears  bis  iiam< 
According  to  thi»  Uieory,  the  atoms  of  diffiireiit  siibibuices  acijni 
different  elaetrietU  etiar^ci'tt  by  contiurt,  und  tliMe  attract  one  unoth 
because  of  tlie  different  charges  ujiou  thnni.  The  diffcretipca 
bctwreen  ttie  charge*  may  be  so  snkall  that  the  attraction  iMitneeo 
them  will  not  be  aufKeient  to  cause  Uie  atoms  U)  learc  tlieir  form< 
pontiooA,  or  they  may  be  great  enough  to  effect  hucIi  a  ntarnuii 
ment.     In  the  latter  case,  a  chemioil  (^omgioiind  is  formed. 

The  (chemical  attrartioii  of  atoms  flejwuds,  then,  only  upon  i. 
electrical  attraetion  between  the  opposite  charges  which  hav« 
mulated  upon  them,  due  to  their  contact  with  one  another.     A  i 
niunbttr  of  atoms,  each  witli  a  small  attnictivc  power,  may  overcome 
a  greater  attraction   between  a  smaller  number  of  atoms.     This 
acoounts  for  the  effect  of  mass  in  chemical  action,  whicli  wo  shall 
leam  is  very  gi-eat  indeed. 

Electrolysis,  according  to  this  theory,  consists  in  equalizing  thi 
charges  upon  the  atoms.    The  negatively  charged  atom  receives  poai 
tive  electricity  fi-om  the  jwsitive  pole,  to  which  it  is  attracted 
becomes  electrically  neutral.    The  positively  charged  atom  is  ai 
trai'ted  to,  and  electrically  neutralized  at,  the  negative  pole.      The 
compound  \i  thus  necessarily  broken  down,  sinoe  the  force  wbldi 
held  it4  connlitu«nts  together  no  longer  exiats. 

The  Electrochemical  Theory  of  Benelius.  —  The  theory  of  !>»■ 
nevia*  ai'ijuired  any  proinim-nce,  imd  sncm  gavn  pWe  to  that  of  Bei> 
zclins,  which  differed  from  it  fundanient^ally.     According  to  Dk 
mx  atom  as  such  is  electrically  xero,  and  becomes  ctiar^ed  [xisitirc 
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Degative  b;  contact  with  anothor  atom,  whicfa  talics  a  clior^  of  the 
opposite  sigu.  llcriclitis'  cUimwl  that  every  atom  in  charged  with 
buth  kinds  of  clcctrii-ity.  Thi«u  exist  upon  Hw  atom  in  polar  ar- 
raugcnivnt,  and  thi-  i-K-iitric-al  nature  of  th<;  atom  dvjjcuds  upon  which 
kind  of  electricity  ia  present  in  excess.  One  kind  is  usually  present 
in  large  excess,  giving  the  atom  a  decidedly  positive  or  negative 
character.  One  "  pote  "  is  usually  miieli  stronger  than  Uie  other,  so 
that  the  atom  reacts  as  if  it  were  "  unipolar."  Chemii^  attnu-tioD 
is  but  the  electrical  attraction  of  these  oppositely  charged  atoms, 
aiid  the  intensity  of  the  former  is  conditioned  by  the  magnitude  <rf 
the  charges  uiion  the  atoms.     A  negatively  charged  atom  is  atliacted 

■  to,  and  combines  witli,  oue  carrying  a  positive  charge.  The  magni- 
tude of  tiitae  opposite  ctiargvs  may  not  be  the  same,  the  compound 
formed  being  electricaity  positive  or  negative,  depending  upon  which 
kind  of  electririty  is  prosent  in  excess.  Two  oompounds,  the  one 
chargiH,!  jiusitive  and  thn  other  negative,  may  tlius  in  turn  coinblne^ 
forming  a  .ntiU  more  complex  cumpoimd.  In  this  way  Benelius  was 
able  U>  a('<»>ittit  fur  tbn  more  (U)mptex  aubslaucea,  such  as  the  M>- 
oallcii  ddiilih-  fr)m]ii)nncls. 

Objeotloni  to  the  Theory  of  fieneUns.  —  The  theory  as  put  forward 
by  Bvrzelius  did  not  lung  enjoy  frei^dom  from  adverse  criticism. 
Indeed,  it  necmed  t«  eiirry  with  it,  of  nueessity,  ft  quest iimaliie  conse- 
quence. If  ch«miial  union  is  due  to  the  electrical  attraction  of 
oppositely  cliargi-d  atoms,  which  come  together  and  more  or  less 
lypuiHze  their  charges,  then,  as  soon  as  thu  equalization  is  effected, 
th<^  cause  for  the  union  no  longer  exists,  and  tti«  constituent*  of  the 
compound  must  fall  apart.  As  soon,  however,  as  any  dec!0m]iositioii 
took  place,  the  products  of  the  decora  |>ositi on  would  again  become 
oppositely  charged,  would,  therefore,  attract  one  another  and  Teunit«. 
There  would  thus  result  a  cantinQa]  decomposition  and  rciniion,  and 
a  chemical  compound  would  always  seem  to  be  in  a  state  of  unstable 
equilibrimo. 

The  theory,  howeTer,  wa«  BOMi  called  upon  to  meet  what  was 
supposed  to  b«  a  vi-ry  serioua  objection-  If  chemical  union  depends 
only  upon  Die  electrical  charges  upon  the  atoms,  then,  the  propei^ 
ties  of  the  compound  formed  would  be  a  function  of  the  electrical 

,e)iarges  upon  the  atoms  in  the  oompoand.  It  was  found  to  t>e  possi- 
ble to  sohstituto  the  three  hydrogvn  al<im.*  in  the  methyl  group  of 
acetic  acid  by  three  chlorine  atoms,  witliout  seriously  changing  the 
properties  of  the  compound.     Benelitis  could  not  satisfactorily  ex- 
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plain  this  fact.  Tbe  three  hydrogen  atoms  each  carried  a  positive 
charge,  wbil«  the  three  chlorine  atoms  eai^h  carried  a  negative  charge. 
That  three  positiTe  charges  could  be  replaced  in  a  oonipouiid  by  thn 
ni>gattve  charges,  without  fuudsunentally  cliatiKiUK  thn  nature 
tbe  compound,  was,  for  a  long  time,  an  insuperable  objuctioii  to  th« 
eloctroclieniical  theory  of  BerEeliua.  Indeed,  this  arKUiiieot  wax 
Itgatded  nntil  very  recently  aa  practii-aUy  ore rlli rowing  th^  tlt<M>ry. 

Thomson  orerthrows  this  Objection.  —  Tbe  a\xne  obji^ction  ta 
tb<'  llicory  of  litriKt^Iiii.i  [n-rsiswd  nearly  to  tbt*  i-ml  of  U»e  ninrtceath 
<>entury.  It  bajt,  boweTer,  t>een  reeeutly  removed  by  tbe  work  of 
J.  ■].  Tlio[ii«on,'  which  wilt  lie  referred  to  in  tbi.t  p)ar«  lu  it  bvars 
diruiitly  upon  iv  theory  who.-te  iin{K>rUui'-ii  is  now  very  groat  indeed 
Thomswu  has  sh<jwii  experiim^nially  tlint  lh«  mine  clomcnt  may  he 
charged  nuw  {xisitivi!,  now  negative,  di;peuding  upon  conditions.  He 
clectrolyiwl  hydrogi-ii  f;tt.s'aiid  finind  that  positivi-  hydrogen  went  to 
one  pole  and  uegiitivp  to  tbe  other.  The  spectra  of  the  hydrofiea 
around  tbe  two  poles  vjus  studied  and  found  to  bo  quite  differen 
The  molecule  of  liydrogt-n  gas  is,  then,  v«ry  probably  maide  up  of 
positive  and  n  negative  hydrogitii  ion. 

We  must  not,  therefore,  conebido  that  because  hydrogen  is  soma 
times  positivrly  chargmt  it  is  always  so.    Thomson's  own  words 
conncutioii  with  the  bearing  of  Ids  work  on  the  theory  of  Berxftli 
are  given  below  :  — 

'■  In  many  organic  compounds,  atoms  of  an  electropositive  eloment 
hydrogen  are  replaced  bv  atoms  of  an  electronegative  element  chl 
rine.  without  altsring  Hie  type  of  the  comiJound.    Thus,  for  examplfl^ 
we  can  replace  tbe  4  hydrogen  atoms  in  VH,  by  CI  atoms,  ffeltingi 
successively,  the  compounds  Cti,Ul,  CH/.'le  CHC1»  aiid  COl,     1 
seemed  of  interest  to  investigate  what  was  tbe  nature  of  the  charg< 
of  eleetricity  ou  the  chlorine  atoms  in  these  oompounds.     The  point    ' 
is  of  ttome  historical  iutei'est,  as  the  possibility  of  isubcdituting  an 
electronegative  element  in  a.  comjiouud  for  an  elvctropositire 
wa.*  one  of  the  chief  objeotions  against  tlie  eleetrochi^mirAl  thcotyl 
of  Ber/elius.     When  the  vii|>(>r  of  ehlordfurni  was  placed  in  the  tube, 
ll  wan  foimd  that  butli  the  H  and  01  linen  were  bright  on  the  nega- 
tive side  of  the  plate,  whilr  they  wen;  absent  from  the  positive  sicte^ 
and  that  any  inereaiw!  in  the  brightness  of  the  H  tines  was  accx 
pituied  hj  an  inerejise  in  the  brightness  of  those  due  to  CI,  .  .  . 
appearance  of  the  11  and  CI  sjiectra  on  the  same  side  of  the  plate 
also  observed  in  methylene  chloride  and  in  ethylene  chloride.     Evea 
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vihem  all  the  H  \o  CH,  was  rcplocpct  by  CI,  fts  id  carbon  t«Ctach1oTid« 
CC1„  the  C'l  Bpectia  still  cluag  to  tho  neg-itive  stdo  of  tb«  plate. 

"  The  same  point  was  tested  with  SiCl,,  aud  the  CI  spectra  was 
brightest  on  the  negative  side  of  the  plate. 

*'  From  these  experiments  it  would  appear  that  the  CI  atomfl,  in 
the  obloriue  derivatives  of  methane,  are  charged  with  etectriclty  of 
the  same  itigu  aa  the  H  atoms  they  displace." 

TliiH  work  leaves  the  classical  arguiuetit  againat  the  theory  of 
Berxijliu!!  without  foitiulalion,  siuee  tlie  hydrogen  atoms  in  aoetie 
acid  are  TCplacnl  liy  chlorine  attmis  whioh  <%-irry  the  name  kind  of 
charge  as  tlie  hydni^n  which  tlu>y  Mplacc  Thfrefore,  tlie  (iroper* 
ties  of  tridiloraeclic  a«id  should  resomhle  clost-ly  those  at  aceiii?  mAA 
if  the  th«ory  of  Bi>rw>liim  is  true,  wul  siicii  is  th"  fact. 

The  Law  of  Faraday. — The  puriud  immi-diatvly  following  the 
one  just  coti8i<l<-rc<),  from  an  electrochemical  standpoint,  was  not 
Tcry  fertile  until  wc  fomo  to  the  investigations  of  Karaday,'  Uiwn 
these  investigations  it  is  diHicvilt  to  lay  too  much  stress.  Far:ul:>y 
showed  the  identity  of  electricity  from  different  sources,  whether 
produced  by  friction  or  by  chemical  action.  lie  also  stii<li>.-<l  the 
relation  between  the  amount  of  chemical  decomposition  effected  by 
a  current  in  passing  through  a  conductor  of  the  second  class,  and 
tho  amount  of  electricity  which  flowed  through  the  conductor,  He 
found  that  the  two  wore  proportional  to  one  another,  and  from  this 
annuum-ed  the  first  part  of  his  law :  — 

Tke  amoiml  o/  chtrmicai  decompotiliiin  effected  by  the  /ximii^  of 
the  curreitl  i»  proportional  to  the  amouiU  of  etedricity  Khkh  Jlowt 
through  Ike  amductor. 

This  is  one  of  the  few  1aw»  of  nature  which  seems  to  bold  ri^dly 
under  all  kuovu  conditions.  There  is  no  well-established  exception 
to  tlii.t  lavr. 

Faraday  det^tnninod  also  tlie  amounts  of  different  elements  whieh 
an!  seiMirnKHl  from  th^iir  coin[iiiUTiil»,  by  iia.ising  the  ttame  current 
through  aolutions  of  these  c-om^wiunds.  For  example,  the  same 
ctirri-nt  was  passed  through  snliiiioiis  of,  say.  copiter  sulphiite,  zine 
chloride,  and  silver  nitrate,  and  the  amountK  of  oopper,  zinc,  and 
silver  deposited  determined  by  weighing  the  clw^nidw  Wfore 
and  after  the  experiment  A  generalization  of  very  wide  siguificanco 
was  rottcbed,  which  is  the  second  part  of  the  law  of  Farikluy :  The 
amoVHtt  of  the  tiifferettt  eiemeiUM  w/tieh  art  acparaled  by  lA/t  luime 
quantUj/  </  tketrkUy  bear  the  Mine  rdation  to  one  OHOthfr  a»  th* 
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equiealeitU  of  Iheae  elemeuU.  Tfa«  atoms  of  all  univalent  olcmcnta 
oarry  exactly  the  same  quaDtity  of  plectticity,  of  bivulmt  clpmratx 
twine  aa  muah,  of  Uivaienl  thr«e  tinivs  as  much,  and  so  on.  In  a 
vorcl,  all  univalent  atoms  carry  th«  aome  amount  of  electricity,  aod 
all  iiolyraleiit  atom:)  A  simple,  ratiutial,  multiple  of  the  amount  earned 
by  univalv^nt  atoms  —  t.LiR  intiUiple  Wing  tlii:  valence  of  the  atom. 

After  Fanulay  proposed  hi»  law,  ooiifuHion  arose  between  the 
terms  "quantity  of  rkt'tricity ''  and  "electrical  energy,"  and  some 
confusion  might  stilL  exist  if  wo  are  not  careful  to  consider  the  wide 
differenuv  wliich  exists  between  the  meaning  of  these  terms.  Elec- 
trical energy,  liko  every  other  niaoifestation  of  energy,  can  be 
factored  into  a  capacity  factor  and  an  intensity  factor.  The  capacity 
factor  of  cli-clrical  energy  is  the  quantity  of  electricity,  the  intensitf 
factor  the  potential.  Theiie  bear  tbe  following  relation  to  eleotiieal 
energy:  — 

capacity  factor  x  intensity  factor  s  elwtrioal  energy, 
or  quantity  x  })uteiitial  =  eleetrioal  energy. 

The  law  of  Faraday  says  that  when  equal  <]iiautities  of  electricity 
are  parsed  tbrotigli  comluclorH  of  the  necond  cUm,  eh(!mic;Uly  eqniv- 
alenl  quantities  of  tlit;  dilfiTcnt  eli^nients  are  tsi-piir.'ttt^d  from  their 
compijiinils.  It  says  nothing  whati^ver  about  the  potential  required 
to  (iffftiit  the  decern  positional,  and,  consMiuenlly,  nothing  about  tbe 
clcctrii'al  energy  re<|iiired  in  lh«  diffrrtmt  cjwes.  ludcod,  it  is  sclf- 
evidrnt  that  this  woulil  be  very  diffiTcnt  in  diffcnuit  CAMS. 

Electrolysis.  —  The  power  of  the  electric  current  to  cfftict  the 
dec-uni  posit  ion  uf  cheinii^al  eoitipoiinds  was  brought  into  specii^ 
promiiK'.iice  by  tlie  woik  of  Fanulay,  Tlio  decomposition  of  com* 
pounds  by  the  current,  be  termed  fttctrols^U.  Some  of  the  most 
important  advances  which  were  made  at  this  period  are  along  the 
line  which  wo  are  now  considering.  Theories  were  proposed  to 
account  for  the  facts  then  known,  which  we  recognize  at  the  preaent 
day  as  containing  the  essence  of  one  of  the  widest  teaching  general- 
ixations  in  modern  chemical  science. 

When  the  two  poles  of  a  voltuc  cell  were  immersed  in  aoidolated 
water,  hydrogen  was  liberated  Upon  the  one  pole,  and  oxygen  upon 
the  other.  Between  the  two  poles  there  was  a  layer  of  water  |mu- 
tides,  which  apparently  nndi^rwetit  no  derompositiim.  The  question 
arose,  Do  the  hydiiiKen  and  oxygen  set  frwi  come  from  the  Mine  or 
from  different  )Mirticl«M  of  wat4M-?  It  wtis  not  a  simple  matter  to 
deoide  this  i>oint,  A  siijuTficial  glance  at  what  t'lok  place  would 
prubiiUy  leave  Ihe  impression  that  tlicy  came  from  different  p«rticlea 
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r;  y€t  it  miffht  1)6  tnie  tliat  the  witter  molecules  wMch 
undtrnrent  d>?conii>o#itioii  were  ihuRe  whieli  were  halfway  between 
ths  pnl«8,  aiiil  tliat  tlie  tiydrogeu  moved  from  tlilM  {MiJiit  in  one 
direction,  and  the  oxygen  iw  the  tithvr.  Humphry  Davy  uiidcitouk 
to  decide  thia  'lucstion  expTimi-ntally.  He  pliunid  each  pole  of  a 
voltaic  coll  in  a  vessel  eoiitaiuiiig  water,  and  connected  the  two 
Teasels  by  |>lacing  a  finger  of  one  liand  iu  tJie  one  vessel,  and  a  finger 
of  the  uthiT  haiiil  in  iho  other  votttK^I.  Ho  insulated  his  body  from 
the  earth  by  .-standitig  on  a  nibU-r  plate.  Tim  i-lw^rolysis  took  place, 
and  the  gases  separated  from  the  electrodes  jtist  as  if  the  veaaela 
had  been  connected  directly. 

AceordiuB  to  llavy,  in  such  an  arrangement  it  is  difficQlt  to  see 
liow  the  hydrogen  and  oiygen  1il>erat<^'d  at  the  poles  eoidd  com« 
from  the  same  inotw;wie  of  water.  It  was,  therefore,  probable,  tliat 
in  the  ordinary  electiolysis  of  water,  the  hydrogen  and  oxygen  ciiine 
from  iliffcrenl  molepules  of  water. 

Theory  of  Orotthuse.  ~  The  first  to  ae count  at  all  satisfactorily 
for  electrolysis  was  Orottbuss,'  at  the  eaily  date  of  1805.     At  the 
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moment  when  the  hydrogen  and  oxygen  separate,  the  one  hecv^mea 
positive  and  the  other  neigative.  The  positively  charged  hydrngeo 
ifl  attracted  to  the  negatire  pole  and  repelled  from  the  |Hisitive  ]>oIe. 
The  negatively  charged  oxygen  is  attracted  to  the  posltire  and 
repelled  from  the  negative  pole.  This  clear  and  concise  ideal  of 
Qrotthoss  is  tepreseoted  graphically  in  the  accompanying  figure  (36). 

1  Ann.  d*  Cktm.  [1],  »*,  U  (1806). 
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The  atoms  mnrked  poKitive  rapreeent  hydrogen;  tliose  marked 
QegaUve,  oxygen.  Bcfoie  t)ie  current  U  passed,  each  oxygen  atom 
U  cumhint^J  witL  a  ceiuiiii  definite  hjdrogen  atom,  foriuitig  wat«r. 
When  the  oiirretil  is  piurtted,  the  li>'drogeii  aU>in  nearest  tlte  negative 
pole  ttivfis  ii()  iu  [HKtilive  cbarKC  to  chat  ]>tile,  —  beeomes  electrically 
neutral,  and  sepamtes  sm  hydn>||;eu  gas.  (See  Pig.  37.)  The  oxyi^en 
atom  which  was  origiiiiilly  in  comliinatiun  witlt  thi:i  hjilroKt^n  in 
ROW  free,  and  coinbinr»  with  Uie  hyilni(;<-.ii  nf  Uie  next  muti.'Ciilc  of 
water.  Tliis  net*  iutotlii-r  oxygen  atom  fnw,  which  conibiiieii  with 
the  noxt  hydrogen,  and  so  on  until  the  iifwitivc  jiole  is  nsch«(i| 
when  the  last  oxygen  atom  in  th«  chain  uot  having  ai^  liydrog«B 
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with  which  to  oombinp,  takes  up  positive  electricity  from 
positive  pole,  IjCcoines  ek-ctrically  neutral,  nnd  esi-ajirs  iis  gaseous 
oxygen.  The  gases  which  oseape  only  on  the  elevtnxle*  com« 
from  riiffereiit  iit<»!eculej»  of  water,  as  wa«  made  ver}'  probable  by 
the  fxperinient  of  Daii-y.  The  molecules  between  the  eleetrodea 
are,  during  the  cloctrolysis,  constantly  interohangiag  th«tr  con- 
stituents. 

The  distinctivfl  feature  of  the  theory  of  Grotthuss  is  that  before 
electrolysis,  each  hydrogen  atom  is  combined  with  a  definite  oxygen 
atom,  from  which  it  does  not  pari  couipmiy.  The  current  must  first 
decompose  the  water  molecules  before  any  electrolysis  can  take 
place.  This  theory  aocounted  for  the  facts  knoura  at  that  time,  and 
it  remained  as  the  established  tlieory  of  electrolysis  until  after  the 
middle  of  the  nineteenth  century. 
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Tbeory  of  Williuason.  — A  theory  as  to  the  condition  of  thinita 
in  solution  was  propo^d  bv  Williamson  '  in  18M.  This  tla-ory  was 
tbe  outrunif  of  liis  work  on  the  prepamtion  of  ordinary  etlier  by  the 
uction  of  sulphuric  acid  oii  ethyl  alcohol.  The  reaction  which  ([avo 
lAhvT  as  the  product  was  recogi)iji«d  a»  [troceeding  in  the  fultuwliig 
atsj^is:  — 


IL 
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The  first  stage  of  the  rpaction  consists  in  the  replacement  of  % 
hydrog(>n  atom  of  tbe  sulphnriu  acid  by  the  ethyl  group,  with  the 
elimination  of  a  moteciUe  of  water. 

Tlio  sL'Cond  eonsists  in  tbe  replacement  of  tbe  ethyl  Rroup  Id 
ethyl  sulphiiric  acid,  by  the  hydroxyl  kydnigen  atom  from  the  alco- 
hol. The  reiiotion  whtub  takes  place  as  n!pr»ent«d  in  I  is  rever.ted 
in  II,  the  final  result  bein|{  the  removal  of  a  molecule  of  water  from 
two  molecule!)  of  alcohol,  and  the  foraiatton  of  ii  molecule  of  ordinary 
ether.  From  this  Willtnmson  ooneluded  "tbut  in  an  nKKrei^t«  of 
the  molecnles  of  every  cotnjxxtnd,  a  conslanl  interchange  beturem 
the  eleme^^s  contained  in  them  i.t  taking  plane." 

Williamson '  C(niclud(-<1  bit  pajier  with  tlie  foltowing  very  si^'nifi- 
eant  words:  "Id  recent  years  chemists  have  aildnl  to  the  atomic 
theory  an  oncerlAin,  and,  as  1  believe,  an  unsubstantiated  hypothesis, 
that  lliii  alums  are  in  a  condition  of  rest.  I  reject  tJiis  hypothesis 
and  fouml  my  views  on  the  broader  basis,  the  moivmfnt  oftht  nlomt." 

Theory  of  Clansint.  — Clansius'  did  not  think  it  necessary  or  even 
jiuti^Bblc  to  go  a.«  far  as  ^Villiamson,  and  assume  that  there  is  a 
^OniMiUlt  interchange  of  parts  in  a  solution,  and  that  no  one  part- 
molecule  rcm^una  attached  to  another  for  any  appreciable  time.  Ua 
the  otlier  band,  ho  saw  that  the  theory  of  Orotthuss  was  not  capable 
of  accounting  for  ^ts  which  had  come  to  light  since  it  had  been 
proposed.  Tfie  current,  acconiing  to  Orotthuss,  must  first  decompose 
the  molecules  before  it  can  effect  any  electrolysis.  In  reference  to 
this  point  (.'lausiua'aays:  "In  order  to  separate  the  once  oombin^d 
part-Diolecules,  the  attractions  which  they  exert  upon  one  another 
must  be  overcome.  To  accomplish  this,  a  foree  of  detiuite  strength 
is  necessary,  and  one  is  tlierefore  led  to  the  conclusion  that  as  long 
as  tiie  force  in  the  oouduotor  does  not  possess  this  strength,  no  d^ 
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composition  of  the  moleciiW  caii  takfi  phicf..  But,  »n  Uie  coutrary, 
when  th«  farce  liaa  urijuired  tliig  strt>ii^L)i,  vvvy  many  molecules 
DiiiNt  be  deconipnsed  at  tlie  tmnio  tinii',  iii  that  Ihvy  ure  nil  tindi^r  the 
cffrttt,  of  the  name  forte,  and  have  almost  exactly  tlie  dame  pottitioii 
to  aw  itriotliitr.  If  tlio  conductor  ixindncrts  only  by  rlcctrwlyais,  w« 
may  draw  the  following  ounulusion  in  ri-fercncc  to  the  c-urreiit:  As 
long  ait  tli»  driving  fon'«  In  the  conductor  is  below  a  ccrtaio  limit  ao 
current  will  pax»,  liiit  when  it  has  rtuicbcd  this  limit  a  very  strong 
curnrnt.  suddfiily  exists. 

"  This  couclugion  is  in  direct  opjKMition  to  the  facts.  Tho  small- 
est fori'c  produces  a  current  by  alt«rnatc  decomposition  and  rauoioDf 
and  the  intensity  of  the  current  increases  according  lo  Ohm's  law, — 
propoTtioncil  to  th<-  force.  Therefore,  the  assumption  that  the  |iar^ 
molecules  of  an  elcctrolytfl  are  combined  rigidly  to  form  whole 
molecules,  and  that  they  have  detiuit«,  regular,  arrangemonC  is 
erroneous.'' 

The  assuiDption,  then,  that  the  natural  condition  of  a  solution  oS 
an  electrolyte  is  one  of  static  equilibrium,  in  which  every  positive 
part-molecule  is  combined  rigidly  with  a  negative,  was  abandoned 
by  Clausius  as  untenable  and  his  own  theory  proposed  in  its  place. 

According  to  Clausius,  an  electrolytic  solution  consists  mainly  of 
whole  molecules  of  the  electrolyte,  but  in  addition,  there  are  some 
part- molecules.  A  positive  pail-iuolecule  may,  during  the  "move- 
in«ntH  to  whi<:h  it  i»  mibjected,  come  into  a  [>ositioa  with  respect 
tA  the  negative  part  of  another  molecule,  which  is  more  favorable 
for  union  with  this,  than  with  its  own  iiesattve  cotnpanioEu  It 
would  then  ymvl  company  with  the  letter  And  join  the  former.  This 
wotilii  leave,  then,  a  positive  and  a  negative  parHnol>'Cule  free 
to  move  about  through  the  sohition  and  combine  witli  otlier  part- 
molecules,  or  break  down  wholv  molecules  already  vxigtint;  a»  such 
in  the  solution.  These  movements  and  dccom|Kisitions  liiki;  place 
with  the  same  irregularity  as  the  heat  movements  which  produce 
them.  The  two  part-moleeules  resulting  from  the  breaking  down 
of  a  whole  molecule,  may  combine  directly  with  one  another,  or 
may  be  prevented  from  doing  bo  by  tlie  movements  due  to  beat. 
The  amoinit  of  such  decomposition  in  a  solution  would  depend  npon 
the  nature  of  the  solution  and  upon  tlie  temperature. 

Allow  an  electric  force  to  act  upon  a  solution  containing  a  mix- 
ture of  whole  and  jiart- molecules.  The  part-moleeules  will  no  longer 
move  about  equally  in  all  directions  as  they  would  if  8Ubjecte>d  to 
the  action  of  heat  alone,  but  more  positive  parts  will  move  in  the 
direction  of  the  negative  pole,  and  negative  parts  towanl  the  positive 
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pole,  tlian  in  any  oUter  direction.  This  directing  inflii^nco  of  lh« 
carr«nt  will  alao  facilitate  the  breaking  down  of  the  whole  molocnlrs 
into  part-moleculca. 

lliiB  SMumption  of  a  partial  breaking  down  of  the  molecules  in 
ft  solution  of  an  electrolyte,  before  any  current  is  pa§sed,  accounted 
Batiafactorily  for  the  fact  which  could  not  be  explained  by  tlie 
theory  of  Grotthusa  —  viz.,  that  an  intinitely  weak  current  coaild 
effect  electi'oljftis  of  water  containing  a  little  acid.  Such  a  current, 
in  terma  of  the  theory  of  Clausius,  would  simply  exert  a  directing 
iuiluenoe  on  the  part-molecuies  already  present,  since  it  would  be 
too  weak  to  break  down  any  of  the  whole  molecules  of  water.  The 
amount  of  this  directing  influence  would  be  proportional  to  the 
strength  of  the  current,  as  bad  been  shown  to  Iw  tbe  cm*-.  In  the 
opinion  of  CUusius  the  action  of  the  current  is  primarily  a  directing 
one.  but,  at  the  same  time,  it  facilitates  a  dcH^onipwiliou  of  the 
molecules  into  jiart- molecules. 

The  theory  of  Clausliis,  wbieb  has  just  been  constdeml  at  tome 
length,  will  l«  recogiiixMl  to  be  th«  fatlter  of  the  Theory  of  Eleotro- 
lytic.  Diasodiation.  Thi:t  brief  historical  sketch  brings  us  up  to 
modern  electrocbemistrjr. 
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ELFXTBICAL  ENERGY;  UNITS;  NOMENCLATURE 

ElMtrical  Energy.  ~  Electrical  energy  may  be  factored  into  two 
foeton',  ai>  already  stated,  —  an  intensity  factor  or  potential,  and  a 
cai«w.ity  factor  or  amount  of  electricity.  Thia  ia  analogous  to  the 
htrtors  of  heat  energy  ;  an  intensity  factor  or  temperature,  and  a 
capacity  fiLctor  or  amount  of  heat.  The  unit  for  tbe  inteasily  factor 
of  heat  cwM'gy  is  the  degree,  starting  from  tbe  absolute  zero.  We 
bavr  no  cum'Sponding  unit  for  tbe  intensity  factor  of  electrical 
energy,  and  may,  therefon?,  choose  oiir  unit  arbitrarily.  We  can 
start  from  tuiy  cunsltuit  pobMitial  as  xero.  In  practice,  we  usually 
•elect  the  potential  of  the  earth  as  the  i«ro  point.  Tbe  capacity 
for  electrical  energy  is  the  amount  present  iu  a  given  system,  for 
a  definite  differeiK-e  in  pot4.-ntial. 

The  relations  between  tbe  different  manifesUttoos  of  e"er:gy, 
known  as  electricity  and  as  beat,  arc  striking  and  intetestji^;  yet 
certain  marked  differences  exist  Ouc  of  these  is  so  pronouiwnd  as 
to  call  for  special  comment. 

Condnotion  of  Heat  and  of  Electricity.  —  All  known  snb»tancea 
conduct  heat  energy.  Metals  are  the  best  conductors  of  heat,  both 
as  to  quantity  and  rate.     Tbe  best  coodttctors  of  heat  energy, 
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however,  as  coiu|iaro4l  with  tlie  wont,  hardly  «xcocd  the  ratio  of 
100  u>  1, 

SiibtttanoeH  lieli.ive  veiy  difT^rently  with  rnspout  to  their  power 
to  transmit  eleetri«»l  cniMX]''-  Those  like  tlic  metals  conduct  eleo- 
tricitj'  with  Lhi>  velocity  of  light,  while  ghusg,  vox,  etc.,  couduct  with 
inlinite  olowiioss.  The  ratio  birtweon  the  best  snd  poorest  conduc- 
tors of  eloctrieitjr  ia  about  as  10"  to  1. 

Of  the  vht^niicAlly  pure  substances,  solids  conduct  in  general 
better  thun  liquids;  yet,  tnfuiv  noa-eonductiDg  salts  n-h«n  fused 
become  electrolytes.  Gases,  according  to  the  recent  work  of  J.  J. 
Thomson,'  undoubtedly  couduct  electrolytically. 

Substances  like  the  metals,  which  carry  the  carrent  without 
undergoing  chemical  decomposition,  ate  termed  eonduetors  nf  the 
Jtrat  eltws. 

Solutions  of  some  substances  in  certain  solvents  are  capable  of 
conducting  the  current.  ITiiis,  acids,  bases,  and  salts,  in  waUtr,  arc 
conductors;  but  at  the  saine  time  they  undergo  chemical  dMroi»po«i- 
lion.  These  are  known  as  conductors  of  Ike  second  cIom.  So  little  is 
known  about  the  actual  mode  by  which  metals  ttonduot  the  current, 
that  it  is  difficult  to  say  just  Ijow  much  imjiortance  should  be  attached 
to  the  distinction  between  luetallie  and  cWtroly tic  eoiicluotion.  The 
moat  recent  work,  however,  makcit  it  very  probable  tltat  there  is  a 
close  relation  Iwlween  the  tno  kindit  of  eondui^tivily.  It  seems 
quite  probable,  IIioukIi  it  has*  not  bivn  j)r«vcd,  that  conductivity  in 
metals,  as  well  a-i  in  t']eptri)!ytc-s,  in  ionic. 

Law  of  EleotreitBtio  Force  i  Coulomb'*  Law).  —  If  two  bodies 
are  charged  wiUi  electriinly,  the  force  lu-titig  between  thcin  d<'i>enda 
upon  tlie  <iu»nlity  of  electricity  ujion  the  biKlic?,  the  distance  be- 
tween l}ii>  bodies,  and  tlic  nature  of  the  medium  which  surrounda 
them.  If  we  n'prosent  the  quantities  of  electricity  by^i  and  q„  tlio 
distancit  hetwocn  tlio  bodies  by  <f^  and  the  specific  inductive  capacity 
or  dielectric  eonitant  of  the  medium  by  C,  the  law  oi  elecCroacatic 
attraction  is  expressed  thus :  — 

in  which  f  is  the  force  aetin^  between  the  charged  bodies. 

This  is  known  as  the  law  of  Coulonib,  since  it  was  he  who  first 
rerified  it  ex iierinjen tally. 

Law  of  Joule.  —  Wliencver  conductors  at  different  potentials  are 
bromfht  in  contact,  »  current  of  electricity  passes  from  one  to  the 
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other.  The  current  alwajrs  fiows  from  the  conductor  at  higher  to 
that  at  lower  jHitential.  During  tlie  paAsage  of  the  curreut,  cerlaia 
eSecta  ace  [jrodueed  iu  the  caiiductora  which  obey  clt>linit«  known 
laws.  One  of  tlie  tiiOHt  common  of  these  t»  the  healing  of  tJiu  con- 
ductor. Kleotriciil  (tunrj^y  <]i»a|i;>i'arH  and  heat  t^iierfij  Rppctus. 
This  fact  lutml  huvo  biicii  obm^rvinl,  qualitulirtily,  by  every  oiie  who 
has  allowocL  a  eiirreot  tu  flow  through  n  coiiduetor.  A  quantitative 
Wlatioii  lictwcon  the  resistance  offon^d  to  the  passage  of  the  currt-nt, 
til6  KtT<:iigt)i  of  the  current,  and  tlie  amount  of  ]tcat  evolved  was 
discDverpcI  experimental  ly  by  Joule.' 

I'Ct  T  be  the  resistance  to  the  passage  of  the  current,  e  th« 
stren;:tli  of  the  current,  and  A  the  amoiint  of  boat  evolved  in  a  givea 
tinM ;  tlic  fuDuwiiig  relation  obtains :  — 

The  heat  evolved  is  proportioual  to  the  reaistauce  and  to  the  square 
of  the  Htreugth  of  the  current  This  is  the  well-known  law  of 
Joub'. 

Law  of  Ohm.  —  A  quantitative  relation  ha«  also  been  established 
exixriituin tally  between  the  strength  of  the  current,  the  electro- 
motive force,  and  the  resistance.  Let  C  be  the  strength  of  the  cur- 
rent, £  tlic  elecliomotivo  force,  and  It  the  leeistaocc ;  — 
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whieh  in  Ohm'*  law, 

Eleetrical  Vnitt.  — There  are  two  igntems  of  unitA  known  rnspeo- 
tivcly  as  thi^  i-k-clroinafinetic  and  eleotrostatic  Tlie  unitji  in  the 
two  systems  an*  very  different.  In  the  electro  magnetic  sysU'm,  that 
current  is  Utken  aa  the  unit,  whic^h,  when  passed  aniuod  a  circular 
conductor  of  riulius  2  r,  will  produce  a  magnetic  intensity  of  1  at 
the  centre.  When  unit  current  flows  one  second,  we  have  unit 
quantjt?  of  electricity. 

In  the  electrostatic  Bystem,  that  quantity  of  clectrici^  is  taken 
aa  the  unit,  which,  when  placed  at  a  distance  of  a  centimetre  from  an 
equal  qiuuitity,  the  two  being  separated  by  air,  will  exert  a  force  of 
a  <lyne,  or  will  jiroduee  an  acceleration  iu  a  gram  weight  of  a  oenti* 
metre  per  second.  The  nature  of  the  medium  sejiaratin^;  the  two 
quantities  is  essential  to  the  definition,  since  tlie  force  exerted 
depends  upon  the  dielectric  constant  of  the  medium. 

Ttic  unit  quantity  in  the  cloctromagnetic  system  is  very  nearly 
3  X  to'"  times  the  unit  quantity  in  the  electrostatic  system. 
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The  Electromagnetic  Sjrstem  cf  UniU-  —  Tho  clcctromagoetio 
8jrflt«m  has  by  far  the  widest  application.  In  practice  tlio  unit  of 
quantity  is  not  that  stated  above,  but  ono-tcnth  tbis  amount. 

Thf  iiuit  of  potential  is  called  a  ivAt.^,  The  Clark  olvmont  con- 
sisting of  mercury,  mercurous  sulphate,  zinc  tiulphat«  (saturatod 
aolntioQ),  amalgamated  xioc,  has  an  electromotive  forw  of  — 

I.43U8  -  0.0012  (f  - 16)  volts. 

The  unit  of  quantity  most  frequently  used  is  called  a  eoulomb. 
It  is  defiueil  as  the  quantity  which,  when  it  falls  one  volt  in  poten- 
tial, sets  free  lO'  ahttolute  units  of  energy.  This,  aa  stated  above, 
is  one-tenth  of  the  electromagnetic  unit. 

The  unit  of  energy  is  10'  in  absolute  nuits,  and  is  called  a 

AMien  a  coulomb  passes  in  a  second  at  a  oniform  rat«,  it  gives  a 
unit  current,  which  ta  called  au  anipirt.  ' 

The  unit  of  resistance  in  tliat  utTered  by  a  onifoRn  odIiuvd  mi 
mercury  106..t  cm.  in  length  (oi>iitainiug  liA!i21  grama)  at  0"^  It  tf 
call«il  %u  ohm. 

EleotTMtatJc  Syitem.  —  The  unit  of  quantity  in  the  electroittatic 
sy»1<Mii  is,  iis  stat-cd  aliuve,  mimli  siualh-r  than  in  tlie  electromagnetic. 
The  real  (■lc<Ttrr>iiiagnettc  unit  uf  quantity  iit  alxmt  3  x  10'"  as  great 
n  tbc  electrostatic  unit.  But  the  elt^ctroniaKntitic  unit  acUially  in 
use  —  the  coulomb  —  is  only  one-tenth  of  the  true  elect tomagiwtic 
unit,  Tbcrcfort',  one  coulomb  =  3  X  10"  i^lM^trostatio  units.  Th« 
electrostatic  unit  is  enipioyed  in  incaauring  charges  at  rust.  Tbe 
ODit  of  energy  is  the  erg  inst«iad  of  10'  ergs,  and  tho  unit  of  poten- 
tial is  .IfM)  volts. 

Electrochemical  Nomenclature.  —  We  owe  te  Faraday  the  ttomen- 
olaturo  in  vogue  even  at  the  present  day.  The  conduction  of  the> 
curivnt  in  a  solution  of  an  electrolyte  is  accompanied  by  a  mechani- 
cal movement  of  the  parts  of  the  dissolved  substance.  These  parts 
Faraday  called  ioiis  or  wanderers.  Those  moving  in  tlie  direction 
of  the  i>ositiTe  current  he  called  eationg,  and  those  in  the  opposite 
direction  anions.  The  substances  which  conduct  the  current  by 
undergoing  decomposition  he  termed  elfCtroljftM,  the  decomposition 
effected  by  the  current  electroli/sia.  Tliat  portion  of  the  conductors 
of  the  first  class  from  which  the  current  passes  into  the  solution  of 
the  electrolyte  he  termed  eUttrodea.  That  electrode  toward  which 
the  cation  moves  he  called  the  calhode,  that  toward  which  tbe  aiiioa 
moves  the  anodt. 


Kl.KCTROCHEMlSTRY 


S28 


THE  LAW   OF  FARADAY 

B«lation  betweeo  Quantity  id  EleetrioJty  and  Amonot  of  Deeom- 
poaition.  —  The  law  <if  Fiirmiiiy,  lo  wliicli  refun'iii'.e  h:v<  alrcail)-  iH'on 
tnmilt-,  in  :so  iinpDrbiiil  in  roiintK^tioit  with  iill  t-li't^trix'tiftnical  work 
that  it  stiituld  be  oonsiiitirfil  more  in  ilelail.  Farailiiy  iiiidcrtoolt  % 
ctirefnl  qiuintitAlive  study  of  electrolysis,  and  dvtfrniinwi  the  rela- 
tion tH*lvro<-it  tlitt  nmoiint  of  elt-i'tririty  wliltrti  jnuiFiin)  ttiruit)i;h  a  tuln- 
'tlOtt  of  an  ttli'i'trolytc,  ami  tin;  amount  of  drciniipOBition  which  it 
nfTects.  He  took  into  uucouat  the  effect  of  changing  thu  eixe  and 
olieinioiU  nalimt  of  tliu  elisctrodcs,  also  the  amoiint  of  oloctrolyte 
used.  Further,  he  varied  the  amount  of  eurri-iit  wliieh  passed  iu  a 
given  time.  In  all  cases  he  found  that  tJie  amotint  of  deeom|>08i- 
tion  was  the  same  for  the  same  amount  of  tiirrpnt.  ][«  c/>ucludcd 
that  Ike  amouvl  of  dwomposilion  ejected  by  the  fiirrfnl  in  a  eondiictoT 
of  lAe  nevond  clots  i»  proportional  to  tht  amount  o/e/ecfi'tcity  which  is 
ptuied  through  it. 

He  then  electrolywd  solutiona  of  salts  of  soveriU  different  meUJs 
by  passing  the  same  current  through  them  in  serioa.  and  weighed 
the  metal  which  was  deposited  front  ^ach  solution.  Ilt>  found  that 
the  tna»aes  which  teparated  were  proportional  to  the  cumbiiiing  wniijhlt 
of  the  etenifHis. 

WHiere  the  ion  is  elementary,  as  in  the  case  of  a  metal,  the  oom- 
hininK  wi'i£;ht  it  eqnal  tn  tbt;  atomic  weih'ht  divided  by  the  valvntiy. 
^Vh<■^&  llii^  ion  ts  complex,  ajt  in  true  eK{>(>uiiilly  of  many  anions,  the 
combininii  wot^ht  is  equal  to  Uie  molecular  weight  of  ihe  ion  divided 
by  its  valency. 

These  two  facts  lead  to  thv  following  wide-rejK:hing  gt-nendixa- 
tion :  Th«  amounU  of  decomjiontion  'ffett^  in  ati  oonductwa  of  (A« 
ttcond  ttam  Ay  (As  poMogt  of  et/aal  tputntllieM  if  current  are,  for  tha 
»atM  eJtctrol^e,  eqiud;  for  dtfftrenl  tlKlrolytrs  are  proporiionai  to 
th€  eomb»Hin/f  weight*  of  the  ions. 

From  this,  wo  see  that  chemicAlly  equivalent  quantities  of  all 
ions  have  the  same  capaci^  for  electrical  energy*.  This  is  analogous 
to  the  law  of  Dulong  and  Petit,  which  says  that  all  atoms  Itave  the 
same  capacity  for  heat  energy. 

Testing  tiie  Law  of  Faraday.  —  Faraday '  concluded  from  his 
own  experimunta  that  very  small  cnrreota  can  pass  through  solutions 
of  electrolytes  without  effecting  oheruical  decomposition.  The  work 
of  Shaw'  on  copper  solutions  showed  alight  deviations  from   tlu 
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lav  of  FanuUf  as  the  iiit<rnsity  of  the  current  ^'.uiod.  This  is  sup- 
pOEod  to  bo  (ItM!  to  tlio  solvvnt  aotioii  of  tiic  solution  of  thn  copper 
salt  on  thcroppcr  which  haul  ulreulv  bc^n  pni'ipilHt«^.  A  care^ 
quantitaliru  stndy  of  th<!  Iaw  of  Fiuiulav  wuk  nuul«  by  Itiiff,'  tising 
the  »ilv)T  volUincUir.  Tho  stirngt.hs  «f  current  vniployiit  varied  as 
much  IIS  from  I  to  'AH),  yut  the  luvr  wma  alwnys  found  to  hold  witfaia 
the  error  of  Dip  cxficriincnt. 

OstwaUl  and  NiTnut '  toslcd  tho  liiw  ot  Furoday  for  rery  small 
amounU  iif  electricity,  ami  showed  Unit  when  O.OWMXlo  roulotnb  is 
passed  tbi-oiigh  a  lUluto  solution  of  sulphuric  avid,  hydrogen  !>■ 
lilxTal«<l  lit  the  oathwli^  Thpy  nic-Asurtul  the  anioiint  of  gas  set 
frw  and  the  current  which  jiassod,  and  foinid  that  tins  law  of  Fara- 
day hold  for  such  an  intinit«Hinial  quantity  of  i-lertricity. 

Sonw  doubt  was  thrown  a  few  yvars  ago  on  tho  univiTiial  appli- 
cability of  th«  law  of  Fanulay.  SolutiotiH  of  rh-ctrolytoti  were 
electrulyzcd  under  high  pressure,  and  it  wan  found  that  tlte  amount 
of  tlie  electrolyte  decompoeed  was  less  thau  would  correspond  to 
the  law  of  Faraday.  This  has  since  been  satisfactorily  explained. 
Under  the  high  pressure  some  gas  dissolved  in  the  water  containing 
the  electrolyte.  This  was  slightly  ionized  in  the  solution,  and  heljtud 
to  conduct  tho  current.  More  current  therefore  passed  than  corre- 
sponded to  the  amount  of  the  electrolyte  deoomposed. 

Peihaps  the  most  carefid  experimental  le«t  to  whidt  tic  law  of 
Faraday  has  been  subjected,  and  through  which  it  ha*  paXMHl  suo- 
cessfully.  ia  in  connection  with  the  deteriniuatiou  of  the  electro- 
cbi'niical  equivalents  of  the  ions. 

The  Electrochemical  Equivalent.  —  If  thi-  qiiantiti«s  of  all  ions 
which  stand  tu  one  anochtr  in  Uie  relations  of  their  cotnbiniug 
weights  carry  equal  amounts  of  electricity,  tbeo  it  is  of  great 
scientific  and  prartieal  importance  to  know  tltc  exaet  amount  of 
electricity  which  a  unit  quantity  of  ions  will  carry.  This  can  be 
determined  by  passinR  a  givi^n  quantity  of  electricity  through  a 
solulioQ  of  an  electrolyte  and  weighing  tho  amount  of  mcbil  depos- 
ited upon  the  cathode,  or  lac.isaring  the  amount  of  gas  litwrated. 
This  has  been  done  very  carefully  by  Ijord  Itaylcigh  and  Mrs.  i>edg> 
wick,  who  foiiud  that  one  coiilumb  uf  oleclrictty  dupovitii  1.11179  mg. 
of  silver.  W.  and  F.  Kolitntnach,  working  with  equal  care,  found 
under  Ihe  name  cimclitiiHis  1.1ll8.t  mg.  The  mean  of  these  values 
is  l.lllSl  lug.  The  ninsH  uf  Uic  ions  t^ken  as  the  unit  is  ]>urel7 
arbitrary.    Here,  as  in  so  many  other  ca-ses,  it  ia  oonvenient   to 
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use  the  i^m-molecular  weight  for  uaivalent,  siul  |!Tam-«q  divalent 
weight  for  polyvalent,  ions.  In  ease  the  ion  ia  elementary  and  univ- 
alent, ."u  with  silver,  the  gram  moleculai'  weight  is  idi^iitieal  with 
the  grani-fqiiivalent  weight.  Tlie  atomic  weight  of  silvm',  in  ti^rins 
of  oxygen  =  IG,  is  1(>7.93.    In  order  to  separate  a  gram-atomic  weifflit 

107  93 
of  silver  it  will  require     -■■'■■-  =  96.S30  coulombs  of  electrieity. 
U.OOI1I8I 

This  is  the  elertrocheinical  equivalent. 

A  mon*  reeent  deteniii nation  of  tJie  electrochemical  equivalent 
of  silver  by  RichardiL,  CoUiu».  and  Heiurod  '  tpves  0.0011172  g.  of 
silver  as  equivalent  to  one  coulomb. 

A  still  more  recent  deiermi nation  by  l*«tter»on  and  Gvitho'  givp« 
■}ighl.ly  larger  value  0.0011192  g.  of  silver  OJt  i-quivalent  to 
CrtMCanlninb.  This  agrees  wtlh  the  mean  result  olTtuined  by  I'ellat 
and  Portier,  and  is  very  «Iuse  to  tlic  number  obtained  by  Kalile 

(0.ooiii;i;!). 

The  Voltftitieter.  —  Tlie  fact  tliat  a  given  amount  of  current 
always  scpivratv.^  the  same  quantity  of  any  m«t«l  from  its  salts, 
furnishes  us  with  a  simple  and  efficient  method  of  measuring  the 
amount  of  electricity  which  Bows  through  any  conductor  in  a  given 
time,  l-'rom  the  above  figui«s  it  is  clear  that  whenever  a  current 
deposits  one  milligram  of  silver  from  a  solution  of  a  silver  salt,  0.8944 
of  a  coulomb  of  cle«trieity  has  passed  through  the  solution.  The 
principle  of  the  voltameter  is  thus  very  simple.  Suppose  it  ia 
(ie-sired  to  know  the  amount  of  electricity  which  flows  through  a 
given  eo«dnctor  in  a  given  tjme.  The  current  is  passed  through  a 
iHiliition  <if  some  silver  salt  —  say  Uie  aitrat«  —  for  the  given  length 
of  time  and  the  aiuoimt  of  silver  deposited  on  the  cathode  deter- 
miiMd.  Knowing  the  amount  of  .silver  dejiosited.  the  calculation  of 
M  ftinount  of  electricity  which  has  passed  follows  at  once  from 
is  given  above. 

This  is  not  th«  placp  to  discu.t.t  the  details  of  the  u»e  of  the 
silver  voltarael«r.  A  genemJ  di'scrii)tion  of  the  apparatus  should, 
however,  be  given.  Tbv  form  which,  perhaps,  is  the  most  conven- 
ient consists  of  a  platinum  dish  about  three  inches  in  diameter, 
which  wrves  as  the  eatho<le.  This  is  fillod  to  a  C4>itvenient  depth 
with  a  15  to  20  [mu-  cent  solution  of  silver  nitrattf.  A  thick  disk  of 
silver  serve*  as  the  anode.  This  is  wrapped  with  a  piece  of  fine 
linen,  or  filter  paper,  to  prevent  [larticlos  from  dropping  off  from 
the  anode  into  the  dish.     The  current  is  connected  directly  vritli  the 

1  Zlaehr.  pfty*.  Ckem.  SS.  331  (IWO). 
■  /v.  Se».  1,  aST  (18BS). 
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anoilo.    The  platinum  dish,  serving  as  cat]lod«^  should  rest  in 
wire  frame  whitli  u>uch«a  it  at  many  points.     After  the  experi 
is  over,  the  solution  of  silver  nitrate  is  poured  out  of  tJte  di.4h,  &ui 
the  silver,  which  should  be  deposited  uniformly  and   coherent!, 
upon  the  plaUnuiu,  carefully  washed  and  dried.    The  dish,  vrliic.h 
was  weighed  Iwfore  the  ex])eriinent  Wgau,  is  now  rewei(;liMl.     I'he 
gain  in  weight  is  tlie  weight  of  tlte  silver  which  has  heeti  di-pusii 
u]K>n  ibt  NUrfuKe. 

Theon'tii-ally  the  salt  of  any  metal  whi«h  h  depoeiUHl  as  su«' 
by  the  current  might  be  used  to  measure  the  amount  of  the  current 
But  practical  diHienltli'S  oomv  into  pUy  in  many  eases,  so  tiiat  only 
a  few  metals  ore  well  adapted  to  this  ixtqicwc  Some  of  these 
difficulties  may  1)0  indteat«d  by  stating  that  many  metals  do  n< 
separate  itniforinly  u{>on  the  surface  of  the  cathode  and  do  d< 
adlurie  firmly  to  it.  In  these  eases  it  is  difficult  and  often  im 
siblo  to  wash  and  weigh  the  deposit.  Other  uiotaU  casilr  undergo 
oxidation  during  deposition,  or  when  exposed  to  the  air  Jn  a  finely 
divided  slate  in  washing  and  drying  them.  The  metal  best  adapted 
to  the  uses  of  the  voltameter  is  silver,  and  next  to  silver  cornea 
copper. 

In  addition  to  the  metal  voltameters,  there  is  another  form  whieh 
depends  for  its  utility  upou  the  amount  of  gas  set  free  when  tbi 
current  is  passed  through  a  dilttte  solution  of  sulphuric  acid.     I 
this  form,  which  is  called  the  <7tiii  ciiUaiwter,  tlte  gawa  are  colli 
reduced  to  standard  conditions  of  temjHtrAturr-^  prflSBtire,  and  dry- 
ness, and  then  measun^d.     A  coin)mraliv«!y  large  volume  of  gas  i 
liberated  by  a  small  amount  of  current.     Thti.i,  one  gram  of  hyd 
gen  iona  carries  96,5.30  coulombs.     One  gniin  of  hyilrogrii  gas  baa 
volume  of  11,188  c.c.     Sine*  it  is  possible  to  measure  a  »tim\]  i>art 
a  cubic  centimetre  of  gas,  it  is  possible  to  mcfcrare  a  very  small  quai 
tity  of  electricity  by  means  of  the  gas  voltameter. 


THE  MIOBATION   VELOCITIES  OF  IONS 

Electrolysis.  —  The  phenomenon  of  electrolysis  shows  that  wnci 
U  current  is  piissed  through  a  aotntion  of  an  elBClnjIyu-,  tlmrc  is 
a  mechanical  movement  of  the  iona  of  Uie  elecrtrolyte  lowurfl  thfl 
electrodes.  It  becomes,  then,  a  matU^r  of  interest  ami  Iraportanee' 
to  determine  the  relative  velocities  with  which  the  ions  move,  and 
also  their  absolute  velocitieti  under  given  conditions. 

If  wo  pass  a  current  through  a  solution  of  copper  sulphate,  using] 
copper  electrodes,  there  will  be  a  deposition  of  copper  at  Uio  csthodf^l 
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Bnd  exactly  an  equal  aniinint  ot  ooppor  will  pass  into  solution  from 
the  anode.  The  ttital  amount  of  copper  in  solution  will  remain  con- 
ataut.  but  the  color  in  llii,'  m>i){hborbood  of  the  anode  will  btwoinc 
deeper,  while  in  the  nriiftilwrhood  of  the  cathode  it  grailualiy  bv- 
lOOmea  leflit  inti>iiHe.  Thii  tiolution  beconiea  more  coticentraU^  in 
copper  around  rlie  anodv  and  less  concentrated  around  the  oathode. 

If  in  this  experiment  platinum  electrodes  are  employed,  roppcr 
.would  ttejHtrate  at  the  catliude;  but  since  tJiere  la  uo  metallic  eupper 
pnaeiit  t»  pass  into  solution, 
tJie  amount  in  solution  would 
bcoorao  constantly  leas.  In 
this  case  the  color  would  iU»- 
Rppear  more  rapidt;  around 
the  cathode. 

Hittorf '8  Theory.— H  iitorf 
explained  these  fa^^ta  as  due  to 
the  ions  moving  with  different 
velocities  through  tlie  sohttimi 
■ — either  the  cation  or  the 
anion  might  have  tint  greater 
velocity.  That  «wch  an  ex- 
planation <-an  account  for  the 
facts,  can  lie  clearly  seen  from 
Fig.  38,  which  we  ow«  in  prin- 
ciple to  Ostwald.'  A  rcpre- 
jients  the  condition  in  the 
solution  of  the  electrolyte 
Ix^forc  any  current  ia  passed. 
The  white  circles  represent 
the  anions,  and  the  lined  circles 
the  cations.  For  each  anion 
present  in  the  solution  there 

is  a  oorreaponding  cation;  and  neither  anioDS  dot  cations  ttare 
Beparated  at  the  clectnxles.  Let  us  take  a  gam  where  the  velocity 
of  the  anion  dlfTerx  grmtly  frf^iii  that  of  the  cation,  and  for  tJie  sake 
of  Kimplicily  K^t  us  sny  that  tJie  vi'locity  of  the  anion  is  ttvk^  that  of 
the  cation.  Lrt  the  current  pats  through  the  solution  until  three 
molecules  have  been  electroly/ed,  when  the  condition  repr&tented 
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in  B  will  esiat    Tbren  aniona  will  have  separated  at  tbn  aaode^' 
and  Cbree  cations  at  the  aatlic»de.     But  the  soltitiqn  of  uitdecompost^ 
electrolvte  will  have  beoome  relatively  more  concentrated  on  tbr 
anode  side  of  the  middle  layer,  marked  m.    Of  the  tlirei:  iiioU-cdlps 
wlikli  liave  been  decomposed  and  wparaled  from  the  soluttiHi,  t 
have  ctnuti  tmm  the  cathode  Hide  of  the  middle  layer  m,  a»d  ou 
from  th«  anode  side,  aa  ia  seen  in  C,  wliieli  repreaentM  tbtt  iwltitio 
after  the  etentrolysiH.     If  we  divide  the  loss  annind  llie  citth<)<l«  b 
the  total  nninlier  uf  molecules  electroljrxed,  we  Hhalt  obbiin  tli», 
ralite  J.     If,  on  the  other  hand,  we  divide  the  Iohk  around  th<!  anod< 
by  the    totjil    Huinter   of    iniitectile^  deoouipoiticd.  thir    ri!«ult    is    ^ 
ThcHe  two  TiiUtf.t  lH\'kr  the  ^aiue  rolation    t<>  ont^  iinocbvr  as  th6 
vrlocitif'M  of  tlui  uni<Hi  anil  t^atiun.     Fniin  tlit»  wu  :iiay  draw  twi 
gvticnt  con(^hision» :  First,  t«  find  thi-  relative  velocity  of  the  cation, 
divide  the  loss  around  the  fiiiodc  by  tht-  total  amoiint  of  vloctroly 
decomposed.     Sivond,  to  fiml  the  rt'Iativt;  velocity  of  the  anion, 
divide  the  loss  uroimil  the  cathodu   by  tliu  total  amount  of  tha_ 
•loctrolyte  dcconi[M>8e(l.  fl 

There  arc,  then,  thriw  qnantitit-s  which  can  be  deterinined  experi- 
mentally: the  change  in  concentration  around  the  vathode,  the 
change  in  concentration  around  the  anode,  and  the  total  amoant  of 
the  elcctio1yt«  decompoitrd.  It  ia  necessary  to  detennine  only  t 
of  these,  since  the  third  is  given  by  the  gum  or  difference.  The  t 
which  arc  chosfMi  dci.K!nd  upon  the  case  and  accura^iy  involved  in 
makiuf;  the  infasurcraciits. 

Since  tlic  toljil  aiiioiint  of  clcetrolyte  decomposed  is  proportional 
to  the  amount  of  cnrrLMit  which  is  passed  through  ihe  solution,  it  is 
only  necessary  to  measure  the  latter  in  order  to  know  ihe  former. 
Tilts  can  he  done  conveniently  by  inserting  a  silver  roltaioetet  into 
the  circuit,  and  weighing  the  amount  of  silver  deposited.  This  i* 
one  of  the  >]uanttties  usually  detennined  in  carrjing  o»it  smh 
measurements. 

Exi>erimental  Uathods  for  DetermiaiD;  the  Belative  Velocitlei  of 
Ions.  —  In  deternimiiig  the  relative  vdiH-ities  of  ;uiy  nivt-u  anion  xrd 
cation,  it  is  necessary  to  elTeol  the  eiectrolyitls  of  a  .wlution  ron 
ing  these  ions,  using  as  the  electrode^i  the  same  metal  as  the  cation, 
Afler  the  electrolysis  hatt  proci^eiled  far  cmongh  to  proiluee  a  ilebet^ 
nitnalile  difference  in  oonceutratinn  around  the  rlectroiles,  and 
the  same  time  to  leave  a  iniddle  layer  of  unaltered  concentration,' 
tlie  solution  must  lie  separated  Into  two  parts  through  the  unaltered| 
layer,  and  the  change  in  concentration  around  otic  or  l*olh  eleiirodi 
aaoertained  by  aaalysis.     The  apparatus  in  which  such  detemii] 
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tiona  an)  carried  out  must  be  so  constructed  that  tli«  effect  of  diffii- 
eiun,  which  noiild  t«nd  to  mis  thu  solutions  of  difforunt  oonoentra- 
tioDs  arouud  the  elcctiodcs,  i^  rcductrd  to  a  minimum. 

Several  forms  of  apparatus  have  beuu  d^^nsed  for  det«rrainiDg 
the  lelative  velocities  of  ions.  Indceil,  Hittorf,'  in  his  owd  clussicft) 
Hroi'k  tipun  this  pi'uhleni,  devisud  a  number  uf  forun.  lu  principle, 
however,  tbuy  all  closely  resemble  one  aiiuther,  mid  consist  of  a 
vvrtioil  tviU*  dividwl  into  u  number  uf  eoinpartDtiMits  by  means  of 
horiiontat  diitphragmii.  Into  the  upper  portion  the  catliode  is  in- 
tort«i),  into  tlw  lower  tbo  anode,  around  whii-h  the  solution  becomes 
more  and  more  coi]c«ntrnt«(L  After  the  plectrolysiii  h&s  bcvu  earried 
as  far  as  desired,  tlie  sotutiong  around  the  electrodes  were  removed 
and  analyzed,  and  the  changes  in  concentration  thus  determined. 
The  membrauea  used  in  the  forms  of  apjtaratus  devised  by  Hittorf 
are  objectionable,  since  they  are  liable  to  be  acted  upon  by  the 
i^eot¥Ol]rM  and  produce  indeterminable  errors  in  the  resulu.  The 
Btoro  impMwed  foma  of  apparatus  for  determining  relative  velocities 
avoid  this  source  of  error  by  doing  away  entirely  with  all  membranes. 
The  form  devLsed  and  iumkI  by  Lord  and 
.VrrfwC  tK  eHsentially  a  Gay-Lussac  burett«. 
Th«  electrode  around  which  the  solution  will 
become  more  concentrated  (usually  tlie  anode) 
is  placed  below.  The  elei^troly.tis  la  carried 
on  until  Ihert!  is  couniderable  chaug«  in  con- 
eoDtniUoa  arouud  the  el<T-trodrj(,  but  It  must 
bo  interrupted  while  tlicre  is  still  ft  middle 
layer  of  unaltercil  solution. 

In  carrying  out  n  determination  with  thi>i 
apparatus  the  corks  stnd  electrodes  were 
placed  in  position  and  tlie  whole  weighed. 
The  solution  was  then  introduced  through  C, 
by  closing  A  and  evacuating  B  with  the 
mouth.  The  apparatus  is  so  constructed  as 
to  hold  from  -10  to  CO  cc.  of  solution.  The 
openings  at  C  and  B  are  then  closed,  the 
whole  app&ratus  placed  in  a  thermostat  and 
the  current  passed.     After  the  electrolysis  is 

ended,  C  is  opened,  and  portions  of  the  solution  blown  out,  weighed, 
and  analyzed.    That  part  of  the  solution  remaining  in  the  apparatus 


t^ 


t  Oaifit/T*  KliiafJter.  91,  2-i. 

*  ZUcAr.  pl,f».  CUm.  S,  we  (IStW). 


880 


THE  ELEMEXTS  OF  PHYSICAL  CUEMISTRT 


can  be  determined  at  any  time  by  the  gain  in  weight  of  the  appa-j 
ratufl.  The  portioD  first  removed  cootains  the  heavier,  more  conc-iiv-l 
trated  solution  around  the  anode;  the  second,  the  unaltennl  iiii<i(U«J 
Uyer;  and  the  third,  the  more  dilute  sohition  around  the  cathode. 

This  method  ia  soaroely  capable  of  any  very  high  dejjree  of  acco- 
rncy.     if  it  even  oreroomes  satisfactorily  the  effect  of  diffusion,  it 
is  Htili  <^en  to  a  serious  objection.    After  tJte  electrolysis  is  ended! 
thitre  is  no  meana  by  which  the  solutions  of  different  concentrations 
can  lie  completely  separated  iroiu  one  another,  removed,  and  anar 
lyxed.    The  method  of  blowing  out  the  solution  around  the  anode, 
together  with  enough  of  the  unaltered  middle  layer  to  wash  out  the 
heavier  .lolutiuti,   is  imt   in    kt^ejiiiig  with  the  most   refined  work. 
Front  Nome  work  whiivli  liius  l>i-c!ti  earried  out  on  this  problem  in  tJiia  J 
university,  it  sceina  l)eiiiu-  Lm  ineajtiire  the  amount  of  ourrent  direcUy  1 
hy  meaoH  of  a  voltameter,  than  liy  any  indirect  method  such  as  that 
emji!()ve<l  by  Ijocb  and  Ni-rnst. 

Thu  nietho<U  of  Kinli'ihuBnky '  and  of  /Jri'n '  are  Uio  name  in  prin> 
cipio  as  that  just  described.  The  burettes  are  given  different  forma 
in  the  two  cuhm,  mid  also  differ  in  form  from  the  bure<tte  in  thft, 
method  jti^t  de^eritied.  The  same  objciTtion  ofFeri'd  to  the  method' 
of  LiM-h  ami  Nern.it  applies  here.  There  is  no  me,-U)s  of  completely 
8e]>aratinK  the  two  parts  of  the  solution  afttr  the  electrolysis  ia 
bnjuKht  to  an  end.  Quite  recently  Rein  '  has  earrifttl  out  an  clkb»- 
rate  invcittigation  on  tiie  velociti^^s  of  ions,  which,  <mi  ibo  wliole, 
probably  eontains  some  of  the  bt^st  results  thus  far  svcured. 
large  number  of  forms  of  apparatus  are  described,  and  much 
and  ingenuity  ani  displayed  in  meeting  Bp<^ial  conditions.  Th« 
means  of  separating  the  solutions,  however,  after  tho  electrolysis  is 
ended,  could  be  improved. 

A  form  of  api>nratus  wfu  recently  devised  in  this  nniveraity  bj 
Mafher,'  at  tlio  suggestion  of  the  writer,  which  is  free  from  some  of 
the  objections  which  can  bo  urged  against  otJier  forms.  The  form' 
which  WHS  constructed  and  used  suceessfully  in  a  few  cases  is  rep- 
resented in  Fig,  40.  The  following  deaeription  of  the  apparatus  is 
taktrn  from  Mather's  dissertation :  "The  two  Itmba,  A  and  B,  ai 
about  IS  cm.  in  length  and  2  cin.  In  diameter,  and  are  then  com 
ttncted  above  for  an  additional  length  of  6  em.  to  a  diameter  of 
0.0  cm. ;    the    reduced  portions   being   graduated   in   millimetres. 

>  2Whr.  p!,V'-  riifm.  B.  07  (1800).  »  IPItO.  Ann.  46.  2B  (l«B). 

■  Zwrfcr.  phyx.  Cftm.  K.  I  (ISflS),  M,  4.'5fl  (ISIW). 

*  DUtrrtation  Johnt  Uopkiat  VairenUg  {Ji9i1).    Awer.  CAem.  JoMm.  M, 
(1901). 
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These  limbs  are  connected  ueiar  the  upper  end  of  Die  Ur^  parts  liy 
a  U-tube  about  0.5  cm.  iti  diameter,  the  bottom  of  whicli  is  soino 
2  cm.  alxjve  the  l&wl  of  tlie  lower 
euds  of  the  limbH.  At  tlie  ceutre 
of  tlie  Uibe  is  a  Ati.)))cnck,  •$,  of 
bore.  The  lower  ends  of 
limba  are  cJoaed  by  ^dass 
appers  ((?  and  JI),  through 
which  holm  were  borrd  for  iJie 
insertion  of  the  ctrctrodcs.  In 
order  to  Icrcl  the  apparatus, 
mod  also  to  secure  the  same  iu 
the  batli,  the  apparatus  was 
cenientfid  into  a  brass  fraiue, 
which,  by  means  of  a  clauii>- 
gcrcw,  can  be  fastened  to  an  iiij- 
right  jwl  upon  the  table  or  in 
the  thermostat  bath.  Tlie  ekiv 
tric  current,  which  was  siii)|ilicd 
by  storage  cells,  was  measured  by 
Cleans  of  two  silver  voItaiDOtcrs." 

The  apparatus  was  carefully  f^^  ^ 

ealibiatvd  before  and  after  each 

experiment.  The  solution  was  iutroduced  to  a  certain  height  in  both 
arms,  the  apparatus  being  supported  on  a  levellinf;  tiland.  The  appa- 
ratus and  contents  were  plaet-d  in  a  eonstaut  teuiiierature  batJi,  and 
the  current  passed  as  long  as  desired.  The  8to]>C(X^k  was  turned, 
and  the  solutions  drawn  out  of  both  arms  and  analyzed  —  Ute 
ohangm  in  concentration  being  thus  determined. 

The  great  a<lvantaKe  of  this  apparatus  over  other  forms  is  that 
aft«r  the  i-lectrotysis  has  twon  liniiight  to  uii  eud  the  Solutions  on 
the  two  sitles  can  bi^  septimted  and  washed  out  complcti^ly  from  the 
apparatus.  In  accurate  work  tltis  is,  of  course,  a  matter  of  fun- 
dainental  importance,  and  appears  not  to  have  been  sufficiently 
regarded  in  much  of  the  work  which  has  alrea4ly  l)eeii  done  on  the 
relative  velocities  of  iona.  lieference'  only  can  be  given  to  other 
recent  investigations  on  the  velocities  of  ions. 


>  K.  Iloptgnrtniir :  Zc*f*r.phyt.  Ciim.  U,  IIR  (1))08).    O.  Kumnii'l:  Wl«tl. 
M,  ()o6   tIW8).     V.  Gonlon:    ZlKhr.  fhyn.   Ckrm.   tS.  -imi   >:^mt).     O. 
.11 :  Ibid.  SB.  601  (ISM)  i  Pl»t.  TiMn*.  119.  A.  sai.    F.  K.J.lraiiwh  •  «7mI 
An«.M.lSi  O»O0).    A.  A.N'nyo:  Xut.hr.  phs*.  Chen.  X,  61  (ISOi).    B.  D. 
SicrJo,  Journ.  Chem.  Soc.  TB,  414  (IVOl). 
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CftDK*  which  may  affect  the  Belativ«  Velocitiea  of  loni.  -^  It 
does  not  follow  tliat  llif  ivl:itivf  *.-loiiiii-.i  of  two  ionn  obtaiiinll 
Dliiit«r  ODc  srl  of  I'uiKlilioiiN  is  Ui<!  saiiiD  a.i  thn  relative  velocitiirsi 
tmder  other  cuTiditions.  This  couM  bu  tteteruiiaed  oiity  by  ex|ieti-j 
ntenC.  The  cifect  of  chaoging  scvcnU  of  tln^  (louditioiiM  wa.s  stiiditxtJ 
by  Hittorf.'  He  studied  first  tho  cStict  nf  diangiin  liir-  ttrrngth  of\ 
the  currerif.  Tlie  cnirreuts  Id  thi«c  dcterminatioDd  wure  of  very  dif- 
ferent fllrengths, 

The  first  iireeipitatod  0.0042  g.  silver  in  a  mimit«. 

The  second  piecipitatcd  0.00113  g.  silrur  in  a  niiiiutu. 

The  third  iirecipitatixi  0.00958  g.  silrcr  in  a  laiiiiitu. 

The  siibttance  used  was  copper  sulphate,  and  th«  relative  reloci-^ 
ties  of  oojiper  and  SO,  were  determined  in  the  three  m«es,  using  the 
same  eomienL ration  of   the  salt.      The  migrntiun  velocities  of   the 
eopper  ill  the  three  oases  were  0.28o,  0.L'91.  sad  0.289.     From  the«e  ■ 
reitttlts  Hitlorf  concluded  thai  the  relative  velocities  are  indopcn- 
d«ut  of  the  »treiiK'th  of  current.     This  statetoent  of  Hittorf  applies, 
of  course,  only  to  relative  velocities.      The  absolute  velocity  with  I 
which   tint   ionH  tiiove  is  directly  dependent  upon  (be  stxeagtb  or  | 
driving  [hiwit  of  the  current. 

The  Nfuond  i]iit>Htiuii,  says  Hittorf,*  which  we  niuitt  settle, 
to  do  vritii  thtt  effect  of  ocnoentralion  on  mii;ratiou  vekx'.ity.    Sii 
solutioni>  of  copper  »u!phate  of  very  different  conoentrattous  vere-l 
snbjcotiid  to  ch^ctrolyHis.     Hittorf  expresscts  the  conoeninuiuns  in 
bernis  of  one  [>art  tpf  copper  sitlpluUe  to  ao  niaay  parts  of  water. 


Pint  Witna  TO  Ok> 

)iMaATia>  YSMWW  or 

r*Ki  Cowna  SuLr«kti 

Corraa 

In  nolatitill      . 

0.S6 

ftsra 

Unil  aolmltin    • 

.      0.00 

ASBS 

Srd  «oliiiI»ii    . 

»,(» 

0.3S6        ^ 

4tli  wiluiioti 

89.  S7 

04G6        ■ 

Ath  ii>1ut)»n 

T6.86 

Q.SI8         ^ 

litli  solution    . 

U».Jt) 

.^        1 

The  migration  velocity  of  the  coppor  witlt  rt4pM:t  to  the  SO4I 
increases  as  the  dilution  increaiir^,  until  noertnin  dilution  is  : 
Ueyond  this  it  remains  practioHlly  constant.     It,  howev«r,  doM. 


■  Pago.  Ann.  K.  177  (IHT^).      OidoaliT*  jnaMfJt«r,U,  16. 

■  Otttrnlit't  Kla»»iktr,  91,  1*. 
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^1    follow  from  this  that  the  relocitjr  of  ti:e  cation  with  respect  to  the           1 
H    AiiioD  always  increases  witli  ini-icasc;  in  dilution.    This  is  shown           1 
^^    by  the  work  of  Hittort' '  on  solutioDS  of  silver  nitrate.                                   H 

r&m  Watib  to  Oir« 
Pitt  ilLIKM  StnuTB 

3lui»«Tlus  Vnociii  <IT  SiLvn                             H 

S.48 

6.  IS 
14.50 
49.44 

iMi.ao 

0,532                                         ^^1 

OlI74                                         ^^I 
0.47B                                           V 

Tho  velocity  of  the  silver  ion  decreases  as  th^  dilution  iitcreajea 

up  to  a  ceilaln  limit)  beyond  which  it  remains  constant. 

It  is  ;>(>ssiblc  that  the  explanation  uf  such  faets  is  to  tin  fimnd 
1          is  thti  mont  complex  ions  which  may  exist  in  the  more  eon<.'tintral«(l 
H    solutions.    These  tnfty  break  down  into  sinkpler  Ions  as  cbe  dilution 
H     increases.     In    measuring   Uie   relative   velocities    it   is,    thcwforc, 
B    necessary  to  work  at  dilutions  so  great  that  when  the  dilution  is 

furtlier  increased  the  relative  velocities  remain  uncliauRed. 

There  ia  a  third  condition  according  to  Hlltorf,'  which   niaj 

alTect  the  migiation,  i.*.  the  effect  of  lemiieraiurr.     Hts  concluded 

froiu  his  work  on  solutions  of  copper  sulphate  that  betwwn  4°  And 
1          21'  the  temperature  cwfliiMeut  was  aero.                                                               i 
H          The  work  of  Loeh  and  Nerust*  on  a  few  silvt-r  salts  Itetwcen      ^^| 
^1    Of  and  2.V  indicated  that  with  risM  in  temptratiirc  all  ions  t«nd      ^^| 
^m    to  move  with  the  same  velocity,  which  is  <!.'>.    This  point  was  in-           ■ 
H     veatigated  much  more  fully  by  Rein.'     A  few  of  lii*  results  for  tlio            ■ 
H    anions  will  show  that  this  conclusion  is  probably  true.                                  1 

1 

ao" 

76' 

flS*                         1 

^f     Sodium  ctilnrlde 

Calcium  chloride      . 
^^     t'adinhim  iodide 
^B    Silver  nttrau    . 

o.im 

O002 
0,040 
0.470  I0» 

0.000 

0.661                     m 
O.U0               ^^1 

O.4B0  W             V 

H               '  ottuaur*  Kiwiker.  n,  n.                                              ^h 

^^^               *  PoVff.  Ann.  n.  \:i  (_\^3,y     0»titali'*KUuHk*r,ti,2\.                       ^^H 
^^^^             ■  Zftrkr.  phgx  Chtm,  2.  im  (1888).                                                                 ^^M 
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Higration  Velocttica  a  Periodic  Function  of  Atomic  Wei^ttti.  — 
Bredig'  poinwd  out  that  it  !iad  already  been  reoogniwd  that  the 
nii(;ralion  velocities  of  elenieiitarj*  cations  am  a  fonction,  and  a 
ixiriudio  function,  of  the  atomic  weights.  Ustwald  had  alrcacly 
shown  that  lliiii  wa»  true  tor  eleiueatarj'  ious  which  consist  of  only 
onv  atuni  or  i!]BUi<>iit.     Take  Uie  fuUowiug  anions  ajid  cations :  — 
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Time  relative  vt-locitieti  ara  plottctl  in  a  curve  (Fig.  -11).  The 
ordioxtes  rejiniscnt  vflix:iti<*!«,  and  the  alnciHsiui  aloinia  weights.  A 
gliuii-Q  at  thtt  curve  brings  out  the  jwriodio  natuie  of  the  velooi- 
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ties  in  terms  of  atomic  weights.  At,  or  very  near  the  maxima 
of  the  curve  we  find  the  halogens.  Here  also  we  find  thr  alkali 
metals.     At  the  extreme  minima  we  find  aluminium  and  chromium. 


iZUKlir.phts.  Chem.  18.34S  (1804) 
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At  breaks  on  the  descendinff  nrtns  of  tho  curve  we  find  the  mem- 
bers of  the  ealciuiii  Krou{i.  Zinc  and  cadmium  also  oocur  near  Ihe 
miairoa.  The  sigiiilicunoe  of  this  poriodiu  recun-ence  of  velociticH 
witb  ntsjicct  to  atomic  weiglits  is  at  pre§eut  not  known.  Yot  it 
is  L'crtiLiiilv  an  iiiUtrenting  fact,  and  another  exam^jle  of  tliat 
periodicity  among  the  properties  of  the  elements  which  appears  in 
80  many  dirvcttions. 

The  Absolute  Velocities  of  Ions.  —  Tlie  Diethod.i  liithrrU)  coiwiilercd 
give  only  the  relative  velocititB  with  which  tho  ions  move.  To  iletcr- 
mino  the  absolute  velocities  some  otJier  meUiod  niuHt  Iih  employed. 
Two  general  methods  have  been  employed  for  determininK  the  abso- 
lute vcloeities  with  which  ions 
move.  The  one  \a  direct  and 
m«asaras  at  once  the  absolute 
Telocities.  This  will  be  taken  up 
hero  (Fig.  42). 

There  is  also  an  indirect 
method  of  det«rraining  alisitUite 
veloeities,  involving  the  oandii«- 
tivity  of  solutton.i  and  the  n-Iative 
velocities.  This  will  be  tak«n  up 
later  under  coiidm^tivity. 

Ttie  Mttlhml  i>f  I^iiifft^  for  deterniinin);  tlie  absolute  velooitiea  of 
ions  is  the  following:  A  glass  tube  (,  40  era.  long  and  8  cm.  widp,  is 
graduated  and  bcmt  at  right  angli'S  near  tlio  nnds.  This  is  filled 
witli  an  aqueous  solution  of  gi^^lattno,  to  wliich  some  sodium  chloride 
had  been  addi'd.  Tho  oontents  of  the  tube  are  colond  red  by 
phenol ]>h til idc In  to  which  just  a  trace  of  alkali  luid  been  added  to 
bring  out  tUc  red  color.  One  end  of  this  tube  |iasses  into  the  larger 
vessel  A  (Fig.  42). 

A  pii-cc  of  platinum  foil  is  introduced  into  the  vessel  A  and  con- 
ncct«d  with  a  platuium  wire  so  as  to  serve  as  an  electrode.  The  other 
end  of  the  tube  t  dips  into  a  vessel  B,  into  which  au  electrode  is 
iiitrodnced  as  shown  in  the  figure. 

For  the  sake  of  siuipHcity  and  clearness  let  us  supjMJBe  tlmt  both 
revscls  A  ami  B  arv  filled  with  dilute  sulphuric  aeiil.  A  current 
is  then  passed  from  one  electrode  to  the  other  through  the  tube  (. 
Tho  hydrogen  ions  move  wilh  the  current  from  the  vessel  ^1  into  the 
tuiw  u  They  disphive  the  sodium  from  the  sodium  chloride  and 
f^m   hydrochloric  a«id,   which  deoolorizes    the    phencJphthalelCiL 


r>o.is. 


>  Brit.  JU*.  Brport,  ie8«,  p.  tti.    Alw  1887,  W». 
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After  a  given  tiuie  the  space  tn  t  over  which  the  deoolorixatioa  has 
extended  is  measured. 

lu  niakiu^  micli  meaaurements  it  is  necessary'  to  know  the  differ- 
enoe  In  pottwliol  at  the  two  ends  of  the  tuhe,  or,  as  it  is  l'u1]<><1,  the 
dro;:)  in  poti-iitial  itloii^;  the  tube.  A  potential  gradient  of  a  volt  a 
cent) metric  i«  t4dci-ji  iui  the  uiiit.  Knowin);  the  drup  in  |H>t«Tntiiil 
along;  tim  tiibr,  lh«  liino  during  whtoh  the  expttriuiciit  hAK  liwtvd, 
and  tlie,  h-n]^h  i)f  ihi^  tube  in  which  the  sobilion  is  dit'olorixiid,  we 
hare  all  thn  data  ufi-essary  for  cidi-tihtting  the  ahsvlute  vehicity  of 
joDs.  For  unit  gradient,  t>.  a  drop  in  [totential  of  one  volt  a  e<'ot^ 
metr<>,  Lwlge  found  tlie  foltowlnij  velocity  for  hydrogen,  whii;h  is 
the  swift«'«t  of  all  ions.  (P.(K)2(i  cm.  [H-r  siwond  is  the  mean  of  throe 
valui-a  which  wtTO  ftiniid.  Tlii-s«  iir«  U.OOIW,  ii-yOW,  and  0.0OS4 
cm.  per  second.     It  will  thus  he  seen  that  tho  absolute  vehwities  of 

ions  is  very  small  indeed  when 
Biibjccled  to  a  unit  drop  in 
potential. 

The  results  obtained  by  the 
indirect  method  already  re- 
ferred to  will  be  compared  a 
little  later  with  tliose  given 
by  tills  direct  method.  The 
absolute  veloeiiiea  of  a  number 
cbCi,  of  other  ions,  obtained  by  the 
indirect  method,  will  also  be 
given  in  the  ])roper  place. 

Tfte  yfcthod  of  MltfOitim* 
for  Qieasuriug  the  absolute  ve- 
locities of  ions  differs  some- 
what from  that  of  Lodge.  The 
apiiaratus  used  is  itei:H  in  Fig. 
43.  I  nio  ea(!h  arm  an  nlecLcode 
is  inserted  as  seen  in  the 
figure. 

I^t  u.t  take  two  chlorides, 
the  one  colored  aud  the  other 
eolorl«88,  say  copper  aud  ammonium  chlorides.  The  denser  solutieo 
is  introduced  into  the  lunger  arm,  and  then  the  lighter  solatioD  ia 
carefully  poured  into  th*^  shorter  arm. 

The  current  is  now  passed  through  the  two  st^utions  from  the 


>  fka.  Tran*.  1893,  A.  SST. 
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ftmnionium  to  the  copper  chloride.  The  cupric  chloride  ia  colored, 
due  to  the  ]>re8ence  of  copper  iona.  These,  like  the  aiuinoniiiin  ions, 
move  with  the  current;  and  coiisequeutly  the  bounding  layer  bfr 
tween  the  colorless  aud  colored  compound  will  move  with  the  cur- 
rent. By  noting  the  time  of  the  ex|>«rimeiit,  the  iliMtaitoe  travellsd 
hy  the  bounding  layer,  and  the  potential  gradient,  Whethom  coold 
ralciiliite  the  velocity  of  tlie  copper  ion. 

The  veloeitit'-s  of  t.b«  i-op[ier  ion  and  of  this  ion  Gr/),,  obtiiined 
by  Wlictliimi,  agree  with  ihune  found  by  the  indirect  nivtliod  to  be 
considered  liereafter. 

THE  CONDUCTIVITY  OF  SOLUTIONS  OF  ELECTROLVTKS 

Conductivity.  —  The  conductivity  of  a  substance  is  ita  power  to 
carry  tlic  current.  The  couductix-ity  of  a  conductor  is  the  reciprocal 
of  its  resistance.  The  following  rotation  between  the  resiHtauce  r, 
the  current  c,  and  the  clectromgtivo  force  ir  is  expressed  in  Ohm's 
Uv:— 

r 
r  =  -- 
c 

The  eloctroraotix'c  force  r  is  llie  dilTerencc  in  the  puteutiml  of  the 
two  ends  of  the  conductor  carrying  thi;  <:iu-nnt.  The  reciprocal  of 
the  rcsistunco,  or  the  conductivity  C,  is,  Uierefore,— 


Two  units  of  nnsistance  have  been  employed.  Tlie  one  ntnat  eont- 
monly  used  is  titat  of  a  column  of  mercury  tOO.3  em.  in  lengtli  umI 
ls(].  mm.  in  cnisvitection.  The  Siemens  unit  it  Uiat  offered  by 
a  colnmn  of  mcrniry  100  cm.  long  and  1  ii(].  mm.  tn  cross-«eot)On. 

Specific  Conductivity.  —  Tlie  re3i.-(lanoii  offera)  by  conductors  de- 
pends upon  two  things,  their  nutnrt!  and  tbrir  fonn.  To  compare 
the  ro«istanccs  of  tliftercnt  siibstaiu'c^  we  must  mn  fonns  which  are 
comparable.  There  are  two  forma  which  have  been  used :  tiiat  of  a 
cube  whoHc  edge  is  1  cm.  long,  and  that  of  u  cylinder  1  m.  in  length 
and  I  s(].  mm.  in  cross-section.  It  is  obvious  that  the  resistance  of 
the  latter  fonn  ia  ten  thousand  times  the  former.  When  tbe  resist- 
Rncc  of  such  forma  of  aiibstancea  is  measured  in  ohma,  it  is  ktiown  as 
the  tpeafie  reuglanee.  The  speeific  condnedvilg  is  the  reciprocal  of  the 
•pooific  resistance. 

These  terms  can  be  also  applied  to  conductors  of  the  second  closa. 
8ach  conductors  arc  mainly  aolutioDB  of  some  electrolyte  in  some  dia> 
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aociating  solvt^nt,  and  wc  must  d«al  with  coinpurHbU^  quantities  of 
dti»nlTod  siibstAiices.  In  tbis  cam-,  svs  in  so  inuiiy  otlier»,  we  UM 
gram-molecidar  weights  of  thu  diSutcnt  devtroljttji. 

Uolecttlar  Conductivity.  —  ]')eu«  a  litre  of  a  nonnid  solution  of 
an  electrolyte  between  two  elwtrodM  whitrli  are  1  cm.  apart.  Sine* 
tlie  .leclioii  of  tJiU  solution  is  lUOO  sq.  cm.,  tli«  conductivity  of  this 
solution  vill  be  lOOQ  times  that  of  a  cube  of  the  same  solution  wboae 
edg«  ia  equal  to  the  distance  between  the  p1at«s.  Let  u  be  tbe  num- 
ber of  cubic  centimetres  of  a  solution  contaiuing  a  gram-moiecular 
weifiht  of  the  elwctrolyte,  and  *  the  specific  TOuductivity  of  tlie  cube 
of  the  .wluliou,  then  the  molecular  conductivity,  which  we  will  rep. 
resent  by  fi,  is  expressed  thus:  — 

ft  =  ns. 

If,  on  the  oth'T  hiind,  we  represent  the  sjwrific  conductivity  of  a  cyl- 
inder of  the  solution  1  sq.  mm.  in  cnxis-scc-tion  and  1  m.  in  length  hy 
»,  this  will  liavc  xiAn  ^^  ^'"^  conductivity  of  the  cube  above  d^ 
scribed.      Tho  molecular  conductivity  ft  would  tlicn  be  calciJated 

thus; — 

/.  =  10,000  N*. 

Since  in  the  case  of  a  normal  solution  n  =  1000^ 

,»  =  s  X  10,000  X  1000 
=  «xlO'. 


I 


The  molecular  conductivity,  then,  ia  equal  to  the  specific  6ond«ctivity 
referred  to  tlii^  cylinder  unit,,  nndli[ilii'd  by  lO**. 

Ketliod  of  Mehioring  the  CoodnctiTity  of  Sotntiont.  ~-  A  number 
of  mctliiiils  liiive  bcfn  iti'visni  for  nii-a.siirinK  tin-  conducting  power 
of  solutions.  The  earlier  nu-thod.-t  allt'^inpUul  to  mcasurt^  conductiv- 
ity by  means  of  a  cotitinuo\i8  current.  IJut  whon  such  a  c«irront  U 
passed  through  a  solution,  the  electrodes  become  quickly  polarized. 
This  would  increase  the  resistance  of  the  solution,  and  seriously 
affect  the  rcsuH  obtained.  A  number  of  attempts  have  been  made  lo 
do  away  with  the  effect  of  polarization.  Thus,  Guthrie  and  Ruves 
abandoned  the  electrodes  entirely,  making  use  of  induction  currents 
in  the  solution.  Others  have  used  as  the  electrodes  the  same  metal 
as  iho  cation  of  the  electrolyte.  The  cheniicai  n&ture  of  the  elec- 
trode would,  then,  not  be  changed  wlien  Uie  current  iit  passed.  All 
of  these  methods  have,  however,  given  place  to  one  which  wim  de- 
vised by  F.  Kohlrausch,'  in  which  an  alternating  current  in  used. 

>  n'i>4..iLnn.  8.14IJCI879):  l].ftf>3  (IfiSri);  M,  1A1  (IMK).  iVw  ^Inn.  IM, 
380  (IBfl^}  ;  161.  378  (1871) ;  IM.  1  (1875)  ;  U9.  3S9  <ie7SJ. 
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Tho  use  of  the  altematiDg  cwrrent  makes  ub  practically  independent 
of  th«  effect  of  polarizatiou.  A  galvanoineter  canoot  be  lued  with  on 
alternating  current  A  dynamometer  may  be  used,  but  is  leas  con- 
vcnient  and  far  more  expensive  thau  the  ordinary  telephone  receiver, 
wbieh  answers  every  purpose. 

In  tlie  Kohlrauseli  method,  then,  an  atternnting  current  Ut  pa»ed 
between  platinum  electrodes,  tltrough  the  Holutioti  whose  conilurtiv- 
i^  it  is  desired  to  study.  Tlio  reiiistaiice  of  the  sohition  i^  biklancud 
Mgaiiiiil  n  rheostat  on  a  Wheattitone  bridge,  the  point  of  equilibrium 
beini];  determined  by  luenu.t  of  a  telephone. 

Th<>  apparatus  used  in  ttiA  mtrthod  of  Kidilraust'li  i.t  !iket«hod  in 
Fig.  'U.    W  is  a  rheostat  or  net  of  rcsintuuce  coilo.   The  melni  stick 


I 


AB  is  divided  into  millimetres,  and  over  tliis  is  Biretched  a  mang^ 
nine  wire  (mangaiiine  being  aii  alloy  of  Germau  silver  and  niauga- 
nese).  J  ia  a  small  inducttnn  <^ot)  wliich  furnishes  the  alternating 
current  R  in  a  glass  cup  which  L-ont,ains  Ute  M)lution  whose  resist* 
anco  is  to  Ixi  measured.  The  «Ioctrode:>  arc  cut  from  thick  sheet 
platinum,  and  a  plecu  of  platinum  wire  is  wel<led  iiitj>  thu  eentre  of 
eaeli  i)!at*-  This  wire  is  then  ncaU-d  into  a  glass  tuly,  which  is  filled 
with  merciir}'  to  make  eloctrical  contact  with  a  wipjier  win>  inlro- 
dncfid  into  the  mercury.  The  telephone  is  connected  betwi-en  Uie 
rheostat  nnd  rcsiatance  ves«e).  and  also  with  the;  l)ri<lKc  wire  by 
means  of  a  slider.  The  point  of  equilibrium  is  ascertainrd  by  nior- 
tug  the  slider  along  the  wire  until  the  sound  of  the  coil  is  no  longer 
audible  in  the  telephone.  Let  this  be  a  point  C  Lot  us  call  the 
distance  AC.  a,  BC,  b,  Xha  resistaooe  iu  the  box  r,  and  the  lesistaiiCQ 
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in  the  vessel  r,.     From  th«  principlfi  of  the  Wboatntoae  bridge  wa 

would  have — 

rt  =  r,o; 


a 
Since  conductivity  c  is  tlte  reciprocal  of  the  resistauM  r^  — 

This  expression  does  not  tak»  into  acooitnt  the  conoputmtinn  of 
the  solution.     In  prai-tice  it  is  best  to  express  eunceutrations  InJ 
terms  of  gram-molei^uliH'  weights  of  the  plertniUtes  in  a  Hire  (gram- 
molecular  iRirmari,     As  wo  have  seen,  tbr  nmnlH-r  of  Hire*  of  the 
solution  containing  a  gram-mo  I  ecu  lar  weight  of  Ui«  eleetniljrte  majr  | 
be  represented  by  n,  when  the  above  oxpix-SMoci  beeonies  — 


c  = 


va 


By  introdueiug  n  into  the  above  expression,  we  pa-ss  fi-oni  K|>o«ific 
to  molecular  condiii'tivitics,  and  w«  express  tin-  iiioltM-iditr  cttnduo- 
tivity  by  the  letter  /i.  in  order  to  indicate  thi;  cuiict-nlration  n  to 
which  fi  ajiplifs,  wo  write  for  the  molecular  oonduelivity  ft^  — 


This  exproHxion  tahat  into  account  all  of  the  factors  exeept 
cell  cimsliuil  k,  whicli  de])eud:t  upon  tho  itize  of  the  eWtrodea  which 
we  are  using,  and  their  diatance  aiwrt.    Introducing  the  constant, ' 
we  have  — 

Haking  a  Condaetivity  Heasnrement.  —  If  we  examine  the  aibon' 
criuiit  11.111,  wt;  slvill  liuil  that  tlieiv  are  two  unknown  quantities,  p,  and  , 
k.  The  first  step  in  applying  tlie  Koblrauscb  method  ia,  Ihen,  toj 
determine  the  value  of  one  of  these  unknown  (luantities.  and,  in 
fact,  the  value  of  the  cell  oonatant  A'.  In  order  to  determine  k,  some 
solution  must  !»  used  whwe  value  of  n^  is  known.  The  eonoentra-^ 
tion  «  must  be  known,  and  a,  0,  and  r,  aseeitained.    The  solution 

most  commonly  employed  is  a  — ^^r —  solution  of  potassium  obloride. 

At  25*  the  conductivity  of  this  solution,  or  tha  value  of  fi^s  129.7. 
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This  aolutinn  is  poured  into  the  cell  until  buth  electrodes  are 
coveied.  The  cell  is  then  jilaced  in  the  thermostat,  and  the  solutioa 
waruied  to  2S*.  The  readiiigA  nre  iJieti  made  on  the  bridge,  and  the 
value  of  Jlr  caleiiUled.  The  vidue  of  A:  tiiviiig  been  deteriuiued,  the 
cell  iti  ready  fur  eonduetlvity  ineiiMurcmcnts. 

Before  the  constant  of  tin;  ctill  is  delermimrd,  it  is  necessary  to 
(x>ver  the  «lectrodes  with  pliitiituin  b)a«k  in  ordvr  to  svcurv  a  sharper 
mininiuiii  in  the  belephonc.  TIiih  iu  i-ff«utcd  by  electruJjiing  in  the 
cell  a  dilute  solution  of  plstiiiic  chloride.  The  current  in  passed 
first  ill  one  and  thini  in  the  other  direction,  until  both  pistes  we 
cover<fd  with  tho  finvly  dividL>d  platinum. 

In  order  to  ni<;a«uro  tho  cjsndut-tivity  of  any  sitbatance  a  solution 
of  known  concciittation  must  be  prepared.  This  is  poured  into  the 
cell  until  ibo  electrodes  are  covered.  The  cell  is  then  placed  in  the 
thermostat  and  its  contents  brought  tothedealred  temperature.  The 
coil  is  started  and  the  readings  a  and  b  determined,  n  liaving  beea 
noted. 

All  of  tlie  <]uantities  in  the  conductivity  equation  are  thus  known 
except  fi^  which  is  calculated  at  once,' 

Conditiotu  whieh  moit  be  f nlflUed  in  Saking  Conductivity  Steat- 
arements.  —  Inordt-r  thai  accurate  conductivity  nifxsiireim-uts  may 
be  made  Iiy  the  method  of  Kohlrannc-h,  it  is  deairMhtc  that,  the  wire 
on  the  bridge  stunihl  liuvr  utii/orm  rciiiistance  tliroiijclioiit.  If  this 
is  not  Uie  <-ii8e,  a«  in  fatit  it  never  is,  thr  wirt  must  fcp  mlibrateil  and 
eorrcH|n>ndinjj  oorrectioiis  applinl.  Tho  most  convenient  nirthwl  of 
calibrating  a  wtrv  is  that  dvvisut  by  8trouhal  and  ItantH.'  The  prin- 
ciple of  the  method  !s  analogous  to  that  wbioh  is  employed  in  cali- 
brating a  thermometer,  when  a  thread  of  mercuiy  is  broken  off  from 
the  column  and  uioveil  along  the  capillary,  the  space  occupied  in  each 
position  being  noted.  For  a  detailed  description  of  the  method  some 
laboratory  guide*  must  be  consulted- 

Another  factor  of  jirime  itii  jiortance  in  all  conductivity  measure- 
ments is  tlie  ainductivit)/  of  thr  rrat^r  which  is  used  as  the  solvenL 
When  we  measure  the  oonduclivity  of  a  solution  of  an  electrc^yte  iu 
water,  we  actually  mejuure  the  sum  of  tlie  oonducliTities  of  the  wat«r 


•  Fwr  iIpUHs  in  cmmecliaii  witli  the  Conduotlvilj  He^uxl,  m«  Frttii/tjf 
point,  Badlnff-poinl,  anif  CunduaiTrttji  Urthodt,  by  Joaem  (Ctii^m.  I*xib.  Co., 
Rwttm,  rn.). 

•  H'f«t  Ann.  10.  SaO  (IBM). 

•  Traube :  Plt'jHkalUch-rAnnlKJif  Mrthnden.  Joiiea :  Frrrxlmy-pnlnl.  BoiU 
in^-paint  and C/Jiuiartltilji  if'l^odf.   Oalwnhl:  l/anj- und HilfitwA xur Ati*/uh' 
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of  the  electrolyte.     In  order  to  know  thfl  conductivity  of  9m 
■fl«ctn'ilvte,  it  i9  necessary  to  know  thut  of  the  wat«r  used,  in  ot6ea 
that  it  may  1«  aubtiacted  from  the  conductivity  aa  meaaured. 

For  ncuidtictivity  work  it  is  very  desirable  to  have  water  of  a  high 
dcgwr  of  ]iurity.    A  large  number  of  methods  have  been  suggest 
for  purifying  water  fiir  sueli  ]>ur|r08CH.    The  purest  water  which  h;i 
ever  biien  obtaint-il  wjw  preparMl  by  Kohlrauseh  and  Heydweillw.'] 
Wat*r  of  A  high  dt-grn^  of  imrity  wan  distilled  in  a  vaoiium,  aiul  it 
conductivity  cletcrininrd  without  ntluwing  it  to  come  in  contact  with^ 
the  air.    The  degree  of  purity  Ktt;:iined  by  thie  method  is  best  realized 
by  the  following  romparison  of  the  conductivity  of  tin*  ft^at*r  with 
that  of  a  metal.     A  cubic  millimetre  of  thU  water  at  zero  degrees 
bad  a  resistance  which  wss  equal  to  that  of  »  copper  wire 
juilliiuetr«  in  diameter  cstending  around  the  earth  on«  the 
timeti. 

It  is  not  possible,  nor  is  it  at  all  necessary,  to  prepare  water  of  tliis 
degree  of  purity  for  ordinary  conductivity  work.     In  such  work  com* , 
parativety  large  quantities  of  water  are  needed,  aud  methods  araj 
available  for  obtaining  an  abundance  of  watei  of  a  high  degree  of 
purity. 

A  mctlKHl  lias  been  devised  by  iloiies  and  Mackay'  in  which  the 
wittt^r  i»  t.ivtcd  dintiUed,  but  the  proi>«sa  is  a  continuous  imf,  Onli-j 
nary  ili^lillud  water  is  j>laced  in  a  lar^^e  tialloon  fta8k,and  sonic  |>ota»-j 
siiini  bii'hniuiato  (or  potassium  jwrmanganate)  and  sulphuric  acid| 
ndilcil.  VVhon  this  water  is  boil»l,  the  oi^nic  matter  ts  burned  up, 
ami  tli<!  ammonia  held  bai;k  an  ihn  sulphaUt.  The  vaftor  from  this 
tla»k  is  Icrl  into  a  large  retort  contiiining  an  alkaline  snlutiona 
of  putassium  [lermanganate,  which  absorbs  Uie  carbcui  diox-' 
ide.  Tb<-  wHt«r  vapor  Is  then  condcnst<d  in  a  tube  of  block  tin,  and 
received  in  a  glass  bottle  which  has  been  cleaned  with  espvoiai  care. 
Hy  tlii.s  niclhiKl  frtiin  five  to  six  litres  of  water  can  bo  obtained  daily, , 
having  a  conductivity  of  from  1.0  to  2  x  10*.  This  ts  sufflcientl] 
pure  for  general  conductivity  work.  The  correction  which  must 
applied  to  tho  values  of  fi,  for  the  conductivity  of  water  of  thtl 
degree  of  purity,  is  so  small  that  it  can  he  entirely  neglected  in  tl 
more  concentrated  solutions.  It  attains  an  appreciable  value  only  in^ 
the  more  dilute  soUitions.  Other  methods  of  ptirifying  water  have 
been  described  by  Nemat'  and  HuHtt.' 

<  Zliehr.  ph,i».  CAtm.  U,  .'517  (\mi). 

Mft;rf.32.2:t7  (ISflT).     Amtr.  Cftyrm.  Jount.  X»,  91  (1887). 

*7.lifhr.  phiju.  Chr,n.  t,  120  (18B0). 

*  /IW.  81,  287  (IBM). 
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Xemperatare  Coeffloient  of  Conductivity.  —  Tliera  are  few  proper. 
tie»  iiffected  by  teiuperalure  to  tlie  same  extent  aa  tlie  coniluctiTity 
cif  sutuliotu. 

Great  tare  muat  therefore  be  taken  to  kecii  the  t«iu{teruturo  con- 
stutit  dtiriDg  iXMidiuitivity  iiteasiireitieiits.  For  Uiis  piirpusv  any  xccu- 
Tutc  thi;riiio8tat  may  hn  a»vd.  It  is  nvcvssury  in  all  such  work  that 
a  therm orcgulator  bt;  emptoyt'd,  which  shall  keep  the  tempirniture 
ooQStant  to  wittiin  a  tenth  of  a  degree. 

A  thermostat  well  adapted  for  conductivity  mcafiiiremeDts  is  that 
devised  and  used  by  Oatwald,'  and  tJiis  is  now  generally  employed 
wherever  conductivity  work  is  done.  The  thennostat  bath  contains 
a  large  volume  of  water  to  reduce  the  effect  of  changes  in  the  tem- 
perature of  the  surrounding  objects.  A  large  glass  tube  containing 
a  tnn  per  cent  solution  of  calcium  chloride  is  placed  in  the  bath,  and 
oonnectit  alwve  with  an  Otitwald  regulator.  Tlie  temperature  of  the 
batJi  ia  regulated  by  the  expansion  and  contraction  of  tlic  solution  of 
calcium  c3iloride,  which  has  a  large 
temperature  «oelBcient  of  expansion. 
The  Ostwald  tlifrmorej,iil;it()r  isMhown 
in  Fig.  45.  The  biittoiii  of  the  U-shaix^d 
tube  is  filled  with  mercury,  »»  shown 
in  the  figure.  Gas  enters  at  A.  Tha 
tube  A  is  inserted  into  one  arm  of  the 
regulator,  and  shoved  down  until  it 
nearly  touches  the  mercun,'.  This 
tube  also  contains  a  small  hole  in  the 
side,  ^^'hen  the  bath  becomes  wanner 
than  the  regulated  temperature,  the  solution  of  calcitim  chloride 
«x)iands,  drives  up  the  right  arm  of  mercury,  and  cuts  off  the  gas. 
Tltfi  small  hole  in  the  side  of  A  prevents  the  flame  from  becoming 
extinguished.  When  the  bath  cools  the  solution  contracts,  the 
mercury  falls  in  tlie  right  arm,  and  opens  the  end  of  the  tube  A, 
when  an  abundance  of  gas  escapes  and  the  siz»  of  tJie  flaiue  beneath 
tlie  thermostat  bath  increases.  Thus  the  regulator  works  auto> 
natioally. 

The  solution  whose  cmnductivity  it  is  desired  to  measture  iw  placed 
in  tb*  tcsistance  vessel,  and  the  vessel  suspended  in  the  thermostat 
batli.  The  solution  tit  stirrvd  by  ntiHing  and  lowering  tJic  electrodes, 
and  should  be  allowed  to  remain  in  the  hath  at  least  an  hnur  at  con- 
stant temperature,  in  order  to  insure  that  tem[)eiature  equilibrium 
baa  be«n  established. 

>  Zuchr.  pl^t.  Chm.  i.  SaS  (1868). 
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The  Belatire  Condnctivitiei  of  Ciffenat  SnbstanceB. — I'he  iirst 
general izatiou  reached  through  Die  study  of  Ute  couductivjties  of 
aqueous  Holutious  of  different  substances,  is  ihat  chomicai  com- 
pouudn  cap  be  divided  into  two  large  claKses.  First,  those  which  in 
the  preaonne  of  water  eandtict  the  ourrcut,  uadei^iug  simultane- 
ously deconigiuiiitidu  or  electrolysis.  These  are  oallexl  elfctroiytes. 
Second,  those  sutwtaiiiies  which,  in  the  presence  of  vrater,  do  not 
conducit  Die  current,  uiil  do  not  underKu  any  deoouposilion  when  an 
attempt  is  made  to  i>as3  a  curruiL  Liin>ti):h  Uieii-  solutious.  These 
are  called  non-ifU^ctntlgtcii. 

Th«  electrolytes  tlK-niselvfts  <liff«r  greatly  in  their  ooutluijdng 
power,  They  may  be  divided  roughly  into  two  chisses:  Tliose  with 
high  <-onductivity,  as  the  stntng  aeids,  strong  base*,  muI  salts;  luid 
thuHo  with  low  conductivity,  as  the  ocganio  acids  and  haaos.  This 
division  into  two  clnsscs  is  more  or  less  arbitnuy,  sinco  among  the 
electrolytes  we  find  nearly  every  degrcn  of  (■'iiidu<^tivity  represented. 
It  is  true,  however,  that  most  snbatances  which  eondiict  b(>loiig  near 
the  extremes.  Again,  we  recognize  marked  differences  between  the 
good  conductors.  The  strong  monobasic  acids,  such  as  hydrochloric, 
hydrohroinic,  nitric,  etc.,  are  the  best  conductors.  The  strong  bases, 
stich  as  soditnn  and  potassium  hydroxides  come  next  in  oitler,  and 
then  the  salts. 

Demonstration  of  the  Different  Condactivitiea  of  Different  Sob- 
stances.  —  It  can  be  readily  demonstrated  that  different  electrolyte* 

have  very  diffei-eut  ©on* 
ductivities.  This  hat 
l>eeu  shown  by  NoyM 
and  Blanohard'  in  an 
ex]ieriment  whioh  th<^ 
slate  was  devistHl  by 
Whitney.  Prepare  half- 
normal  solutions  uf  hy- 
drochloric, sulphuric, 
chlura^ietjo,  and  acetic 
ainds.  Introdneo  these 
into  four  g]at9  tubes,  A, 
B,  C,  A  about  30  em. 
long  and  &  cm.  internal 
diameter,  as  shown  in 
Fig.  <6.  Thwe  |^s  twhea  are  closed  I>y  rubber  stoppers,  through 
which  pass  glaaa  tnbcs.    These  tulies  carry  copper  wires,  the  wiiea 

1  Journ.  Amer.  Ch«m.  Soc.  tt,  736  (1000). 
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terminating  in  i>latinum  diaka  as  Hhown  in  tbe  Hf^re.  W«  must  be 
abl«  to  move  tbeso  glass  tubes  through  th«  nihber  sU>[i|mts.  Tlw 
wire  coining  from  the  I>i>ttom  of  each  tube  h  oomu-cint  witli  a 
Xa  <:A»tl\i'-\wvteT,  ll&volt  lamp.  The  other  itidn  of  e:ie!i  lump  h  con- 
nBCt«!d  villi  one  wire  from  a  llO-voIt,  Hltcrmatiiig^-urrcnt  dynamo. 
The  wircn  imm  IIk-  top:*  of  tiw  glass  tubes  arc  cona«ctcd  with  tho 
othyr  wire  from  this  dynamo. 

Add  IW  cc.  of  pun)  wnt«r  to  each  glass  tube.  Add  5  cc.  of  the 
solution  of  hydrochloric  acid  to  the  tube  A ;  add  an  equal  quan- 
tity of  tho  sulphuric  acid  to  the  tube  B;  of  chloracetic  acid  to 
the  tube  C;  and  of  acetic  acid  to  the  tube  D.  After  each  solution 
has  become  homogeneous,  close  the  circuit  in  a  dark  room,  and  ao 
adjust  tJie  height  of  tbe  upper  electrode  that  aJl  the  lamps  are  equally 
brilliant.  Then  examine  the  heights  of  the  electrodes  in  the  four 
cylinders.  If  in  the  bydrochlotie  acid  tlie  upi>er  electrode  ia  at  the 
top  of  the  rylinder,  in  tbe  sulphuric  acid  it  will  be  about  oue-fourth 
from  tlie  top,  in  the  chloraoetic  acid  about  tiiree- fourths  from  the 
top,  and  in  the  aoetie  actd  the  electrodes  will  nearly  touch. 

This  kIiows  thit  different  amounts  of  dissociation  of  the  four  acids 
at  tho  same  concentration  —  tlio  hytlrochkirio  acid  being  the  mo«t, 
tliv  aoctic  acid  the  least,  diiuicwiated. 

This  cx]K!rimcnt  can  be  used  to  illuntrate  another  fact,  'if  tho 
acid  in  each  cylinder  is  just  neutral iitvd  witli  B0<1i<nii  hydroxide,  and 
the  experiment  repeated  as  above,  the  el<)Ctro<l«s  being  uiljusU'd  so 
that  all  tho  lights  arc  equally  brilliant,  it  will  bi;  sneii  that  the 
distance  Ijotwcen  the  elwtrodes  in  the  four  eylitideri  is  very  nearly 
the  same,  showing  that  tho  sodium  salts  of  all  four  acids  are  equally 
dissociated, 

Increase  in  Holecular  Conductivity  with  Increase  in  Dilution.  — 
The  study  of  the  relation  between  mi>l<cii!ar  i unduetivity  and 
dilution  of  the  solucion  soon  led  to  the  coiiciiisioii  that  the  mo- 
lecular conductivity  increaaea  with  the  dilution.  The  resistance  of 
a  solution  iucrea.se3  with  the  dilution,  which  is  the  same  as  to  say 
that  the  actual  conducting  jtowcr  decreases  as  the  dilution  iu- 
creaflcs.  Wliile  thia  ia  true,  the  conductivity  docs  not  decrease  as 
rajiidly  ;ls  the  dilution  increases,  hence  tho  molecular  conductii'ity 
increases  witli  the  dilution.  There  are  so  few  exceptions  known 
to  this  general i nation  tliat  it  may  be  regarded  as  almost  a  general 
truth. 

This  incniaao  In  molecular  conductivity  with  increase  in  dilution 
is,  however,  not  unlimited.  The  molMrular  conductivity  of  the  beat 
eonduetocs  becomes  constant  «t  a  dilution  of  from  1000 1.  to  10,000  L, 
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•jmI  remains  constant  from  thU  jwint,  however  far  the  dilution  may 
be  carried. 

Tlio  fULnic  general  relations  hold  for  the  poorer  conductorH,  but 
in  thvHC  ciucs  the  coostunt  ridue  of  the  molecular  coiiduotiritjr  is 
reached  only  nt  dilutions  mneh  greater  than  tbioso  naitieil  iiliore. 
For  many  of  the  poorest  coiiduetors,  the  constant  Viiln«  of  the  rac^ 
lecular  conductivity  cannot  bo  obtained  directly  by  the  oonductJTity 
methijd.  In  such  casea  an  indirect  method  must  be  appHetl,  as  we 
shall  Bee  later. 

The  facts  stat«d  above  in  reference  to  the  good  conductors  can  bo 
seen  more  clearly  by  examining  a  few  data  obtained  with  tm  acid, 
a  base,  and  a  salt,  at  different  concentrations,  t*  is  tlio  volume  of 
the  solution  in  litres  which  contains  a  gram-motecalar  weight  of  (be 
electrolyte;  fc,  is  the  moleculaj;  conductivity  at  the  dilution  v. 
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The  maximum  confltant  value  which  n,  attains  at  high  dilution  is 
termed  (>,>  ^"'1  '*s  sigiiificanci>  will  be  seen  when  we  study  the 
application  of  the  conductivity  method  to  the  measurement  of  elec- 
trolytic dis.sofiiation. 

Those  results  serTO  also  U>  illustrate  the  three  de^rrees  of  con- 
ductivity ]inssessrrl  liy  the  good  condiictors,  —  acids,  buses,  and  salts. 

The  Law  of  Kohlrausoh.  —  A  relation  of  wido-reaching  sigoificamcs 
was  discovered  by  Kohlraiisch  by  comparing  the  values  of  fi^  for 
different  substances,  He  found  that  the  difference  between  the 
value*)  of  n^  for  two  electrolytes  having  a  common  anion  ami  differ- 
ent cations,  is  the  sami;  as  the  difference  Ix-tween  the  ralues  of  ^^ 
for  any  two  electrolytes  having  a  common  anion,  and  the  same 
cations  as  the  above  electrolytes.     An  example  will  make  thia  dear: 


The  value  of  w,  for  ]>ot,«wl«m  bremlde  at  Iff*  is 
The  vuliie  of  M.  fur  sodium  brixiiide  al  IS'  is 
IMKpTcncP   ,         ,         ,*      . 


I4I.0 

IMA 

«.0 


TIi«  vnluc  of  H,  for  poUuwIURi  nlttntr  nt  IS'  I* 
The  vnlur  of  t^  tor  Rodluo)  nitrate  at  ID*  la 
UlSerenoe    


131.0 
1&6 


The  sain«  relation  obtains  for  a  common  cation  as  for  a  comtnon 
anion.  In  this  cue  the  difference  between  the  values  of  fi^  for  two 
elevtroK'tus  having  a  common  cation  and  diffei-ent  anions  is  the 
some  as  the  difference  between  the  values  of  ^^  for  any  two  elec- 
trolytes having  a  (.ommon  cation  and  tlie  same  anion  as  the  electro- 
lytes in  question.    This  can  be  seen  from  the  example  given ;  — 

Il,KBt  -,..KN0,  =141-121  =20.0; 
p.  NaBr  -  ^,  NaSO,  =  120  -  STJi  =  22.5. 

The  differau*  betw«ea  the  two  values  is  hanlly  Iwger  than  the  ex- 
perimenlid  error; 

The  value  of  ;»^  for  any  electrolytes  is,  then,  the  snm  of  two 
constants,  the  one  depending  on  tlie  anion  and  the  other  on  the 
caution.  The  conductivity  of  a  solution  depends  on  the  number  of 
ions  i>r<!si.'iit,  and  the  velocity  with  which  they  move.  The  value  of 
the  molecular  conductivity  at  complete  dissociation,  since  it  deals 
with  coiD)>arable  quantities  of  ions,  depends  on  the  velocities  with 
which  the  ions  move.  The  value  of  ii.^  for  any  substance  depends 
on  the  velocities  of  the  ions  into  which  tlie  substance  dissociates. 
The  constants  above  referred  to,  are,  then,  proiJortJonal  to  the  veloci- 
ties of  the  cation  and  anion  resjieelively.  If  we  represent  by  c  the 
velocity  of  the  cation,  and  by  a  the  velocity  of  Uie  anion,  — 

Expressed  in  words,  the  wtoctfy  vlth  tehieh  any  ion  tmrtU  it  a 
am^udfi/r  a  given  solvent  and  a  ghvji  potential  gradient,  and  u  Inde- 
pendent of  the  nature  of  the  other  ion  or  loM  teilh  which  II  itpretent  in 
the  sohttion. 

This  ([eneralixation  is  usually  reffrn'd  to  as  the  law  of  the  inde* 
pendent  miKratii>n  velocities  of  ions.  The  law  in  this  form  holds,  in 
gmeral,  only  for  very  dihile  solutions,  since  it  is  only  in  such  soln- 
tiona  that  the  tnie  values  of  >•,  are  obtainable  directly  by  experi- 
ment 

Ostvald'i  llodification  of  Kohlraasch'a  Lav.  —  The  law  as  enul^ 
dated  !)y  Kohlrausch  applies  only  to  very  dilute  sohitiona.  Ontwald ' 
luu  shown  that  the  law  of  Kohlrau.'<ch  is  of  general  applioibility,  an<i 
can  be  used  with  more  concentrated  as  well  as  with  more  dilute  solu- 

'  JWlr*.  A  AUg.  Cht>».  n,  972. 
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tif>na.  If,  however,  the  aolutiooa  are  more  concentrated  and  not 
pletely  diiisociatetl,  the  amount  of  their  dissocUtion  niuat  be  E 
into  secount.  If  we  represent  this,  as  is  usually  done,  by  n,  tlie  law 
of  Kohlrauscli  as  ajtplied  to  inoorapteiely  dissociated  solatious  b^ 
comes  — 

,..  =  «(«  + a). 

As  the  dilution  increases  a  approaches  more  and  more  nearly 
to  unity,  and  when  the  dissociation  is  complete  it  beoonteti  unity. 
The  Ustu-ald  moditication  of  the  Kohlrauach  law  becomes,  at  thii 
point,  identical  with  the  ori^nal  law  jji-oposed  by  Kohlrausch. 

The  Law  of  Koklrauota  used  to  determim  the  Telocity  of  lou.  ~- 
It  is  obvious  from  what  !ixi  alrti;tiiy  heeti  said,  that  the  law  of  Kohl- 
rausch can  l«  used  l<t  (l<-t«riniiie  th<!  velocity  of  ionn.  The  taw  states 
tha.t  for  eoiupletely  ili.tsociated  aohitiont  t^e  velocity  of  Uie  coition  «, 
plus  the  velocity  of  tlie  anion  a,  is  a  constant.  The  value  of  this 
constant,  or  fi_,  is  detennintul  at  onco  by  ujiplyin;;  llie  n>iiilnctivity 
method  to  completely  ilissoniated  solutions,  and  m«wurinj|;  Iho  mo- 
leoubr  conductivity.  Iii  a  word,  we  can  detvrmine  at  on«c  the  value 
of  c  4-  n.     We  determine  the  value  of  -  by  ihc  ftittorf  iDfithml  of 

detenniiiinjf  rebttive  migriilion  numbers.     Knowin([  f  +  a  and  -,  we 
obtiiiii  at  uutie  abWub!  values  for  tlio  velocities  of  bi^th  ions. 

If  this  nu'thod  i.t  correct,  then  the  velocity  of  any  given  ion  most 
be  Ihfi  same,  wlietlmr  delcriniui'd  from  one  sulnttoncc,  or  from  any 
other  itulistiince  in  which  it  may  ocwiir.  This  was  Ix'-stcd  by  Kohl- 
rausch '  for  thf  ehlorino  ion.  The  velocity  of  this  ion  was  CAlvulated 
from  several  salts  and  was  foiuid  to  be  tlic  same  in  each  case.  The 
velocities  are  expressed  in  10"'  ccntimotm  per  second.  The  poten- 
tial fjradicnt  is  1  volt  per  centimetre;  the  temperature,  18*. 
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The  results  for  Uie  velocity  of  tlie  chlorine  io«  are  the  same  for 
the  different  salts. 

>  trted.  Aim.  BO,  390  (1893). 
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Kohlraugch'  (Ictcrmincd  the  velocities  of  a  nuiaWi'  of  ionH  in 
oelltiull^t^l-»  per  socoiut,  undvr  unit  poUtotial  gnuliviit,  i.e.  u  drop  in 
pot«DliiiI  of  uue  vult  u  ufntimclro. 

i]yilrDt;;rii O.OOMOctn. 

pDtiuuium O.fKNMUl  em. 

Sodium 0.00016  cni. 

Lltiiiun O.OOOSit  cm. 

Ammoniuni A.WOtiK  cm. 

fiilwr 0.0<XM7  cm. 

AsioH*  Tuocm  di  Cenianu*  ria  SBcesD 

Ilrdrozyl 0.00182  cm. 

CUarlu« O.OOOOecu). 

Jodioe 0.00000  cm. 

Nitro  group (i.OOOtM  cm. 

It  will  be  seen  that  liydrogen  in  tll«  (wiificst  of  atl  ionti,  and  that 
hydroxy!  coux^a  next  with  r«Hiiect  to  its  Tetocitv.  It  will,  however, 
be  ob»ei'ved  that  even  the  !iwifu>at  ionii  move  very  idowly  through  the 
solvent  in  wliitili  they  nrc  <-i>nt.ii[ied. 

AITLICATIOXS  OF  THK  CONDUCTIVITIES  OF  SOLUTIONS 
OK    KI.KCTROLYTta 

Thb  DiuocUtion  of  EleoUrolytci.  — Tlie  most  ttii[>ortiii)t.  applimtion 
of  tlie  condtictirity  of  (-li-ctiiilytus  is  to  mi'mtiiix^  thi-ir  diiutiKiiiilion. 
If  the  disNulviid  siilwUim-c  is  not  dissuci.nlrd  at  idl,  thu  rondiHitivily 
would  Iw  Mra  If  it  were  completely  dissoi'tiitt-d,  the  conductivity 
would'be  a  maximum.  If  it  wore  partly  dissoi-iatcd,  the  conduo- 
tivity  would  lii;  somcwhi-ie  between  zero  and  the  maximum  value. 
Since  coijiltictivity  and  digsociatjoa  are  pru)iurtional,  to  determine 
the  latter  it  is  only  necessary  to  divide  the  conductivity  at  the  dilu- 
tion in  question  by  the  conductivity  at  compl<-t<-  dissociation.  The 
oonduetivity  at  any  dilntifm.  v,  ia  represented  by  n^  Tlie  rondno- 
tivity  at  complete  diaaociation  is  repreitented  by  fi.  ;  the  percentage 
of  dissociation,  by  a.    We  have  the  following  relation:  — 

«  =  A-. 


It  in  vcrj-  simple  to  determine  the  value  of  /«,  for  any  dilution  of 
any  electrolyto  in  water.  It  is  only  neceasary  to  apply  the  Kohl* 
rausch  method  directly,  and  calculate  tJie  molecular  conduutivity. 

1  Wild.  Ann.  50,  M3  (I8D3). 
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It  is  not  always  such  a  simple  matter  to  deteraiiDe  tJw  vnlue  of  />,. 
Some  of  Ihp  more  oomplicntrd  cases  will  Ix'  oonsidpn-d. 

Detcrmmation  of  tha  Uaximnm  HolMolar  ConductlTity.  —  If  th« 
compouud  U  atroDgly  dissociatrd,  such  as  the  strong;  acids  and  bases, 
and  the  salts,  tha  Taluo  of  fi.  is  determined  bjr  increasing  the 
dilutioD  of  the  solutiou  until  a  value  for  the  molecular  conductivity 
is  reached  wliich  remaius  constant. 

If,  on  the  other  hand,  the  compound  is  not  strongly  dissociated,  it 
is  not  poasible  to  determine  fn.  by  the  above  procedure.  The  dilution 
at  which  the  di^sociatinn  would  be  complete  is  so  high  that  it  is  not 
poHsible  to  use  the  couductivJty  method  with  any  degree  of  accuracy. 
An  indirect  method  of  determiuing  n^  for  the  weakly  diasocLited 
aubstaneofl  has  been  worked  out  and  applied.  Let  us  take  first  the  ■ 
veak  acids,  say  the  organic  acids.  These  acids  dissociate  like  all  other  f 
acids  into  a  hydrogen  cation  and  a  complex  orftanic  anion.  If  the 
hydroi;en  of  the  acid  in  replnceil  by  a  metal,  we  tiavc  a  salt  formed,  _ 
and  all  tialts  are  stronrily  dixiuK^iiited  siibKtancei.  The  valuoot  ^  ■ 
for  the  salt  can  be  determined  fWMlily  by  means  of  the  coaduetivity 
melhml.  Oslwald  used  the  sodium  salt.  The  value  of  ;«_  for  this 
comiKnind  is  from  Kohlntusch's  law  the  sum  of  two  constint«,  th« 
one  depending  ii[<on  the  anion  and  the  other  on  tbo  cation.  If  from 
the  value  of  fi_  for  the  sodium  salt  wc  subtract  the  constant  for  the 
sodium  ion,  which  is  known,  the  remainder  is  tlie  constant  for  tha 
anion.  If  to  this  constant  we  add  the  couittant  for  hydtogett,  we 
have  the  value  of  ;i_  for  the  acid,  since  all  acids  are  made  up  of  an 
anion  and  the  cation  hydri^o.  The  value  of  the  constant  for  the 
sodium  ion  at  25*.  as  given  by  Ostwald,  is  49.2,  and  that  of  the  hydro- 
gen ion  325.  The  value  tf  pi^  for  an  acid  at  22"  is  the  value  of  ft^ 
for  the  sodium  salt  of  that  acid,  minus  40.2,  plus  32C;  Le.  /*,  for  tlte 
flodiura  salt  plus  275.8. 

If  we  wish  to  determine  /i_  fur  a  weak  bam,  we  proccetl  in  n 
strictly  analogous  manner.  The  nitrate  or  chloride  of  the  tnse  is 
prepared.  This  being  a  Halt  is  slr»n|{ly  di.t.tociated,  and  the  value 
of  /I,  for  tlie  chloride  or  nitrate  can  Iw  determined  <lirfelly  by 
the  conductivity  method.  The  value  of  ^.  for  the  chlori<hr  of  a 
base  is  the  siiin  of  two  constants,  the  one  depending  upon  the  cation 
of  the  base,  and  the  other  upon  the  chlnrinc  anion.  Tlie  value  of 
/t_  for  tlift  free  base  is  the  value  of  fi,  foe  the  chloride,  minus  the 
constant  for  chlorine,  plus  the  constant  for  bydroiyl.  The  value  of 
the  constant  for  chlorine  at  25'  Is  70.2;  that  of  hydtoxyl,  ITO,  The 
value  of  n^  for  the  base  is,  then,  the  value  of  /t,  for  the  chloride, 
minus  70.2,  plus  170,  or  plus  'MS.    If  the  nitrate  is  used  tlie  valufl 
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of  the  constant  for  the  NO,  anion  is  GS.l.  To  obtain  /i^  for  the 
bue  wc  must,  therefore,  add  104.9  to  the  ralue  of  fi.  for  the 
Ditrat*  of  the  base. 

An  ftnpirical  metliod  has  been  worked  out  by  Ostwald '  for  A^ 
termining  the  value  of  ^^  for  ibe  sodiiiin  nalt  of  an  suiid,  from 
the  value  of  fi,  at  any  ordinary  oonoentralion.  As  th«  result  of 
the  study  of  a  large  Dumber  uf  aoiils  Iir  fouml  that  fi,  at  a  given 
volume  differed  by  a  conjttaiit  rjuiuitity  fii>ni  >i. .  Tlii'sc  diffcrfinoe* 
for  volumes  ranging  from  32  to  1024  1.  ar«  given  below :  — 


Vol  HID  M  1 

33 

M 

13» 

80(1 

Gia 

1034 

DiHemioeai 

IS 

10 

8 

e 

4 

S 

By  adding  these  diffcrenwn  to  /t.  at  any  of  the  above  volumes, 
we  obtain  /i„  at  onctt.  Knowing  the  value  of  /x^  for  any  com- 
pound, and  also  the  value  of  pi^  wc  obtain  at  once  the  diasoeiation  m 
—  whii'h  is  equal  to  /i,  diviiji'i]  liy  ^,  ■ 

Comparison  of  Dissociation  from  Condnctirity  with  Dissociation 
from  Freezing-point  Lovsring.  —  We  have  tluis  far  studied  two 
methods  of  iiieiisiiriug  electrolytic  dissociation,  —  the  conductiviQr 
and  freezin){-])oint  methods.  The  question  is  whether  the  results 
obtained  by  the  two  mellioii*  for  the  same  substance  at  the  same 
dilutions,  are  Uie  ttanie.  or  illfTerent.  A  few  results  will  answer  this 
questioD.  In  the  followitiR  tabli'  the  conductivity  measurements  were 
made  by  Kohlrauseb,  Ihe  fret>7inK-]>oint  measuremeDts  by  Jones': — 


CoBromiM 

On.  MoLEc.  Soami 

DlMMUTDIK  nOH 

Omtvetnm 
t 

F*rC*at 

Frti*M 

liaCl  . 

0.001 

O&O 

V6A 

Kaa  . 

aot 

»8.ft 

Da.s 

NhQ  . 

0.1 

H.l 

M.1 

I        KiSO. 

0.001 

02.3 

M.S 

■  KfSO« 

0.D06 

MA 

as-T 

VKiSO. 

O.0O 

70.1 

R.6 

KnCli 

OOOl 

M-i 

U.6 

ZnCI, 

O.00G 

8K.3 

M.8 

ZnCI. 

D.OS 

71.1 

WA 

HCI    . 

0.002 

tOO.0 

08.4 

Ha  . 

0.01 

•&» 

00.8 

na  . 

0.1 

03.0 

8S.0 

■  Ltbr*.  d.  Altg.  CIttm.  II,  i 
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OtatMCHM 

CoHDIirTUTlO* 

FUBISikrODIT 

n,so, 

H,SO.         ,        . 

H18U4 

aoos 

0.006 
0.0& 

BQlB 
B6.4 

03.3 

PfrCcat 

80.0 

B3.8 

oa7 

KOH  . 
KOH  . 
KOH  . 

0.003 

0.01 

0.1 

100.0 
».3 
02.8 

D8.4 

m.7 

B3.I 

Nit,nR     . 

NU,OU 

0,000 

0.01 

0.0A 

10.0 

».o 

e.i 

II.l 
8.9 

8.8 

K,cn,      .      . 

KiOO. 
KiCO, 

0.003 

0.00& 
0.1)5 

93.0 
88.6 
71. 0 

gs.o 

oa.o 

'I'iic  results  obtained  br  the  two  metbods  agree,  in  g^ncrnl,  nboiit 
as  well  as  could  be  expected,  if  we  consider  Shat  the  conductivity 
nicasurementa  are  made  at  18'  and  the  freezing-point  meaauwrments  I 
at,  and  slightly  below,  0°.  In  sniue  cases  differences  larger  tban  can 
be  accounted  for  in  this  way  are  apparent,  but  tbcso  arc  probably 
due  to  experiment.'il  errors  in  one  or  both  raethodB. 

The  Dilation  Law  of  Ostwald.  —  Since  the  moleculnr  conductivity 
of  aotutioii.i  of  ele ('truly  109  incn'ii.'ies  with  the  dili^tion,  and  since 
disaooiatiun  in  proj-ortiuniil  to  comluotivity,  it  follows  that  dissocia- 
tion inernased  with  the  dilution  vt  the  solution.  Tht.t  holds  up  U>  a 
cert-iin  jioint,  ns  we  h;ive  seen.  Beyond  a  ecrtnin  dilution  the  001^ 
duotivity  remains  constant,  which  mcADS  that  the  diSMMiintioii  at  this 
dilution  ia  constant  For  the  ji^ood  conducting  substances  the  molev- 
ular  Donductivity  iDGrea-iei  slowly  with  the  dilution.  It  increuet 
ruucb  more  rapidly  for  the  poorer  contluctorit,  such  ati  the  OTganic 
aoids  and  baseii.  The  dilTi-rencc  lietwt-cn  the  uioleculur  coiidno- 
tjvicieii  of  the  (tood  and  bad  conductors  thus  beooniu  l«3S  as  the 
dilntioii  increases. 

Oslvrald '  found  from  his  own  work  that  Uie  molecular  conductivi- 
ties of  all  inonoba!?ic  acids  p!iss  through  the  same  scries  of  valaes. 
Thu.^,  if  any  two  acids  A  and  B  have  the  same  molecular  oondno- 
tivilies  at  volumes  v,  and  v^,  they  will  have  the  same  con<luctivitiea 
at  any  oltier  vointncs.     Ostwald'  went  much  farther,  and  discovered 

'  Journ.  prakt.  CArm.  81.  433  (188$). 

»  Zfchr.  pAjw.  Cftem.  «,  M,  2T«  (1888);  8,  170  (1880). 
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tio  matheniatical  expression  ooimefting  dissoointioii  and  dilutiau. 
He  s;ave  lu  our  first  riitiouai  dihiUoii  Inw.  The  law  «iraa  deduced 
08  follows:  — 

If  thf  laws  of  gas-pres8ur«  hold  for  dilute  solutions,  and  jf  the 
Arrhcnius  t^ieorj  of  electrolytic  dissociation  to  account  for  th«  excep- 
tions shown  by  electrolytes  is  true,  then  the  formula  connecting  the 
degree  of  dissociation  with  the  volume  of  gaaes  must  apply  directly 
to  tlie  relation  between  the  dilution  and  the  dissociatiou  of  electro- 
lyte>i.'  The  law  of  the  dissociation  of  gases  must  apply  also  to  the 
dissociation  of  dilute  HoltiUona. 

For  a  bomogeiieoiiH  system  of  one  volume  of  a  gas  dissociating 
into  two  volumes  of  gaseoiisproducts.OstwiLld*  deduced  the  formula: 

iMog;-^  =  ^  + const. 

p,  p„  and  ;>,i  aw,  respectively,  the  preasures  of  the  undissociated 
gas  and  of  the  decomposition  products,  q  is  the  beat  of  decomposi- 
tion. 

If  the  temperature  is  constant  and  neither  of  the  decomposition 
products  la  present  in  excess,  the  above  expression  becomes  — 


0) 


p  is  tlie  pressure  of  the  undissociated  gas,  and  j>,  tliat  of  tlie  decom- 
position  products. 

Turuiiij^  now  to  KuliitiotiK,  we  have  to  deal  with  osmotic  pressure 
iustead  of  Kiw-preoKurc  The  osmotic  piv«9iir«  k  [iroportiouat  to  Uie 
amount  of  diNsolvcd  subsUnce,  and  inversely  pru{iortional  to  the 
volume.  I>et  n  lie  the  mass  of  the  iindissociattHl  electrolyte,  and  ui 
the  mau  of  the  dissociated  products,  and  tp  tlie  volume  of  the  solution : 

u  v, 

.Substituting  these  values  in  equation  (1),  we  hare  — 


—1=  const 
«? 


w 


I       >  Pknek  >  WtA  Ah».  H.  ISa  (1668). 

9  XitAr.  phf.  Chm.  9,  30  (1686).    Lthrb.  A  ABg.  Okm.  (1st  eiUilou), 
II,  723. 
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We  have  8o«d,  however^  tbat  tho  tunount  of  (UsKociatiou  M|  (or  a)J 
u  measured  by  thv  relation  bt^wMD  the  ouuductiTttjr  «t  the  given] 
ndume  v,  aud  at  ialinite  dilution :  — 


K. 


K 


Tlie  amount  of  undissociated  stibstanc-e  u  =  1  — ' — .    Substituting 
these  values  for  u  and  u,  in  equutiou  (3),  we  Iiave  — 


This  expression  can  be  simplified  by  writing  «  = ,  when  we  ' 

liavo—  '^ 


(!_«)« 


=  const. 


Tliiti  fiiprcssion  is  known  a.s  the  OstwuJd  dilution  law. 

Testing  the  Ostwald  DUutaon  Law.  — Oatwald '  tosu'd  bla  lav  by  j 
applying  it  to  a  large  number  of  8ubatanee«.     He  determined  the 
conductivity  of  a  number  of  solutions  of  aiiy  given  substance,  and] 
from  these  results  calculated  the  dissociation  at  the  different  dilo- 1 
tions.     He  Uieu  substitut«d  the  value  of  a  for  any  given  value  of  v, 
in  llie  eciuution  ex|ires!tintj;  liis  law,  to  »ee  whether  the  result  came 
out  a  ooiist«iit  over  any  wide  range  of  dilution,    v  is  the  volume  of 
the  solution,  or  nuinl>er  of  litri^s  which  i^ntain  a  gram-nioWutar 
weight  of  tho  electrolj-te.     The  results  for  two  organic  acids  are 
given  bolov:  — 

FoBMic  Acid 


* 

a 

Oa^rt.  ■  IM 

6 

4.05 

0.03U                   J 

» 

6.33 

D.0S1O                  j 

a 

7.7» 

OiO!M           ^ 

« 

10.78 

a«08       ^M 

m 

14.7A 

OMoa      H 

SM 

20.  la 

IM>I98        ■ 

613 

87.10 

0.019T         ^M 

lOM 

MM 

OlOIW        ^M 

■  ZUchr.  pkya.  Chem.  S,  170,  241,  300  (1880). 
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356 


* 

4 

CMM.mM 

8 

1.0U8 

aooi44 

16 

1.636 

omiM 

32 

3.\eA 

0.(>0t4fl 

64 

8.(IKt 

o.ooiao 

12B 

4.S03 

O.OOIHI 

2.ja 

5.tt6B 

0.01)14(1 

513 

e.uoo 

0.00147 

1024 

11.410 

aooi44 

The  reeultB  aliow  that  the  value  cnmos  out  very  uearly  a  conirtant. 
In  a  word,  the  Ostwald  Uw  hoklit  with  fair  a)iiiroxiniatioii  for  this 
clas.-*  of  »til>xtaao«s.  Th<t  law  wm  apiilieil  to  between  20t)  ami  .'iOO 
orgnnio  acids,  and  wa«  found  to  hold  a]iproxiinately  for  this  class  of 
Bnbstrmccs.  These  orj^anic  acids  all  iH'lonjt  to  the  weakly  diiuo- 
dated  Eubstan<-i!8.  The  law  was  tustvd  for  th«  weakly  disKuctated 
organic  bases  by  Bredig.'  Tho  rosidts  tor  two  stibntoiioes  are  given. 
ii«  applied  tlie  law  to  about  thirty  wcalc  bawa. 


Ahhokia 


■ 

« 

Oonr.KlOO 

B 

1.35 

0,0023 

IS 

1.88 

o.oosa 

3» 

M.flG 

ftOftW 

M 

3.70 

0.0023 

128 

*M 

0.0023 

HB 

7.H 

0.0094 

Tkimetuylaminx 


r 

« 

COMT.HiaO 

s 

Ul 

0.00«9 

tit 

3.30 

0.0073 

SB 

4.77 

0.0076 

«4 

6.73 

0.007« 

128 

tM 

O.O0T5 

I  ZiMChr.  pItt/*-  Chaa.  13,  280  (18M>. 
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The  values  found  hy  Hnnlie  tar  Ute  w»k  bxses  are  ralbt^r  neatvr 
a  coit.tlAiit  Ihiin  tiutttt  (omihI  by  t>itwa]<l  for  Uio  weak  acids.  The 
weak  orgaitk;  lM»es,  like  the  wt-ak  ui^anio  aoiils,  bulong  to  cliu  gen- 
eral clas*  of  weakly  dissociati-il  fomiioiiiKlii.  The  law  of  Ostwuld 
uvidtrtiHy  apiiJii's  to  siioh  subsUm^-n. 

Wtx-u  wc  tiini  U>  tbv  stiongly  disttridatvd  substiuioes,  hucIi  as  thtt 
strong  nvids  and  strong  bases,  and  salU,  tliu  dilution  law  of  Oatwald 
Aoea  not  apply  at  ail  satisfactorily.  Tlie  valuui  found  arc  not  at 
all  constant  over  any  considerable  range  of  dilution,  but  vnry  gi-i.nit)y 
witb  llio  dilution.  Ho  satisfactory  reason  has  yet  been  funiisbed, 
which  explains  why  the  law  of  Oatwald  holds  for  weakly  dissociated 
substances,  but  does  not  hold  for  the  strongly  dissociated  olectio- 
lytea.  Another,  purely  empirical  expression  has,  however,  been  dis- 
covered, which  applies  aa  well  to  the  strongly  dissociated  compounds 
as  that  of  Ostwald  to  the  weak  acids  and  baftea. 

The  Dilution  Law  of  SndolphL — The  dilution  law  which  was 
fouuil  to  hi^id  fur  lite  ntiuii^^ly  <li»aociated  electrolytes  vas  diaoOT- 
ered  by  fiudoljihi.'  In  attempting  to  apply  tbt;  Oittwald  law  to  soln- 
tious  of  silrer  nitrate,  be  tnmle  tlie  following  obserration:  If-we 
represent  Llie  volunieii  of  the  solution  by  v,aud  the  coastaut  by  c,  «« 
obtain  from  the  Ostwald  formula:^ 

v=  16,  c  =  0.2C; 
v  =  M,  c  =  0.13i 
t:  =  2fi6y     6  =  0.06B. 

A  glauM  at  these  figures  will  show  that  a  constant  wonld  be  ob- 
tained, if  the  valiivs  of  c  were  multiplied  by  the  square  root  of  v  in 
each  case ; — 

0.26  X  V^  =  0.13  X  V5i  =  0.065  x  VSfi. 


Rudolphi  substituted  for  v  in  the  Ostwalil  equation  the  aquore  root 
of  I',  and  obtained  — 


(l~a)y/i> 


:  =  CODSk 


He  api^Ucd  UiiH  equation  to  between  fifty  and  sixty  strongly  dissoci- 
att;d  i'Uiiii>unitilai,  and  the  values  found  for  c  always  approached 
closely  to  a  constant.  The  results  for  a  few  substances  will  be 
given. 

<  ZucJit.  phyt.  Chem.  11,  3S&  (l«Ki. 
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Htdbocblobu!  ArtH 

INrT«HtrK  Hiiirnire 

IVTMSivii  Aonin 

V 

c 

e 

e 

» 

e 

s 

4.aa 

S 

0.4£S 

3 

1.21 

4 

4.46 

B 

O.-IM 

100 

1.10 

8 

5.  in 

»L> 

(P.J5C 

1000 

l.tR 

l« 

G,i:i 

138 

0.&H 

lOODO 

1.0$ 

Although  cunsi<lei'>)>l<>  (lev  in  lion  it  friun  a  roiistant  Mist  in  Bumc 
CARGS,  yet  llie  law  uf  Kiuliiliihi  lioliU  iilwiil  w  wi-ll  fwr  tlm  slrongljr 
(liflsooialed  electrolytes  m  lliiit  uf  Ostwald  for  the  wvuki}-  ilissuciated 
subsUiioes. 

The  }>hystica]  sit^iiirn'cuicv  of  Uio  Vv  in  th«  Ratlolpiii  equation  is 
at  prcsrnt  entiiolj  uii«x|iluD««]. 

Several  fiirtlier  mm]ili<.-atiou8  of  tho  dilution  laws  have  been  pro- 
posFci,'  but  tliey  ran  sc-an^Oy  be  regarded  as  advani^s  on  tboHe  al- 
ready eousidered.  Wc  thus  eeem  to  have  two  expTPSsiona  for  tJM 
relation  between  the  dissociation  of  electroh'les  and  the  dilution  of 
the  solutions ;  the  expression  of  UsCwald,  wbieb  has  a  mtional  basU, 
and  whose  physieal  ai^ilieanee  is  knon-n,  holding  for  tlit  W4>akly 
dissociated  eorapoutids:  and  the  purely  empirieal  t'quation  of  Kudo)- 
phi,  which  holds  for  the  more  stronfjly  di.t!tncriale«l  clfvlrolytes.  The 
relation  between  i^senus  ami  e]i-<-trolyli>'  di»soi-iati«n  in,  lln-n,  e.ttalv 
lished  as  far  ait  the  Wh  strongly  disitiK'ial<-d  eoinpoiindv  iirf-  lAXicenied, 
Init  vf\wa  tlie  diiMociaticm  is  n<^i^-ly  complete  at  imideratr  dilutionir 
thern  exists  -i  diwreivaiu'v  wl:ii;h  slill  rt'inaiii*  t*>  bi-  i'xfil:iitird. 

The  Condnctivity  of  Oi^anic  Acids  and  the  D«termiaation  of  Di*- 
sociation  Conttasts.  — Thfl  eondui-tivittes  of  from  two  to  three  bun- 
red  of  the  more  eoioinon  oi^iiic  acids  have  been  measured  by 

twald,'  at  dilutions  ranging  from  a  few  litres  to  two  or  three 
thousan<l  litres.  The  ^''''er.il  fact  established  by  this  work  is  that 
tJiis  whole  cla4,'i  of  stilMtatioe^  in  eomparativety  weiUcly  dissociated 
«Ten  at  dilutions  of  on«  tboiimnd  litres.  It  is  true  that  they  show 
jAarkod  differences  in  the  rlfgn-C  nf  their  di.*ftociatian,  but  few  of 

em  are  sufficiently  dissociated  to  determine  Un-  value  of  «,  directly 
by  the  conductivity  method.  The  indirect  method,*  using  the  sodium 
saltiwas  employed.  Knawing  the  value  of  ^  for  the  acid,  (be  disso- 
ciation at  any  dihilton  could  be  calculated  from  the  raolecnhir  con- 

■  Tint  HoSt  Zf-Ar.  pAju.  Ckfm.  la.  900  (I8M).    Koblraiuch:  /Ud  ».  6U 

(18H).    R-uirmfi  -  it.i.1  n.  im  (tmp). 

•  AU.  *.  I10,-i4\.  aOU  (1880).  *IbJd,  S.  8tO  (1888). 
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diK^tivity  nt  that  dilution.    Ktiowing  thft  dimocintlou,  lUe  dissociattc 
roustant  for  tlie  avid  was  calciilotMl  from  the  dilutiuit  law, — 


(!-«)« 


Tbt  vtliie  of  c  for  difTer^Dt  dilutions,  which  in  most  cases  is 
fairly  <'on!(tiint,  gives  us  a  deep  Insight  into  the  nature  t>r  tho  i-otn- 
pound.  Knowing  its  value,  we  know  the  relative  strengtli  of  tho 
acid,  with  all  that  is  impliud  liv  Miis  Term. 

'I'lic  offret  of  rcplatriHg  hydrogen  by  d)ITer«nt  firwips  was  studied 
by  Ustwatd.and  the  influcm-e  of  constitution  iis  well  aa  t-ODiposition 
on  the  acidity  was  determined  in  a  number  of  cases.  Thus,  the  in- 
troduction of  a  halogen,  sulphur,  or  oxygen  atom,  or  the  nitro  group, 
increaseil  Ihe  acidity.  The  presence  of  ihe  amido  group  diuiininheil 
it.  The  presence  of  oxygen  or  Uie  nitro  gioup  in  the  ortho  iwsitioa 
has  a  greater  influence  than  in  the  uicta  {MMitioti,  and  in  the  meta 
pontion  a  greAt^r  influenoe  than  in  tho  [lara.  For  fiirllier  details 
refenvice  must  l>e  had  to  the  tabulated  Htatemeut  which  has  bevo  pre- 
pared by  O.itwaid.' 

Basicity  of  an  Acid  determined  erapirieally  from  its  Conductivity. 
—  An  empirical  relation  between  the  mtc  of  inirijiiEi-  in  tl»c  conduc- 
tivity of  tfic  .^oilium  salts  of  acids  with  increase  in  dilution,  and  the 
bosinty  of  the  lU-ids  was  discovered  by  Ostwald.'  If  we  subtract  the 
molecular  londiictivity  of  the  sotlium  salt  at  a  dilution  c«ntaining  a 
gram-inolccular  weight  in  R2  }.,  from  its  molecular  con<lactivity  at  a 
dilution  of  1024  1.,  the  difference  will  be  about  10  for  monobasic 
acids,  20  for  dibasic,  etc  Or  if  we  represent  the  basicity  of  the 
acid  by  b,  the  molecular  conductivity  at  1024  ).,  minus  the  molecu- 
lar conductivity  at  32  I.,  =  10  fc ;  — 

*'wo.  —  rts  =  10  6. 

These  determinations  of  conductivity  were  made  at  25*. 

.\  few  examples  from  tlio  work  of  Ostwald,*  on  acids  wl 
buicity  varies  from  one  to  five  wilt  make  this  point  clear. 

Sodii;h  Xicotixatb  (honobjisic) 


lOM 


>  ZfsrAr.  phji».  Chtn^  i,  419  (18^^         ■  IhM.  1, 106  (18ST)  ;  a,  903  (16SS}. 
*  Jbid.  S,  901  (1SB«). 
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SomUM   QCIMOLINATK  (ulVASIO) 


t 

33 
1024 


mi 

MA 


SODIUH  PTRIDITtemiCAItBOXATK   (TBtBAStc) 

n  ail 

1034  113.1 

3IjO     dlBemnca  =  10  X  3 

SoDtPM  PsBIDUnCTSTRACABBOlTATE  (TBtBABASIC) 


3! 
1024 


tax 

181.t 
W.l     difierenoe  e=  10  x  4 


BODHni  PTBinilTKFItKTAOAKBOIIATB   (l-BNTABASIC) 


lOM 


77.T 

1W.8 

W.1 


dlSorenco  =  10  x  i 


The  extension  of  tbis  empirical  relBtion  to  acids  more  ooaplex 
than  peiitabasic  canuot  be  made.  Walden  *  has  shown  that  many 
exceptions  exist  when  the  supposed  relation  ia  ap)>lied  to  acids  of 
higher  basicity. 

The  Determination  of  the  Condnotirity  of  Organic  Bases  and  their 
Dissociation  Constants.  —  An  I'Uiliorali^  |<i(%K  nf  wurk  on  ilii^  conduc- 
tivity of  orRanio  ba-i^.i  was  carried  wit  in  Uio  luborntory  of  Ostvald 
by  Bredig.'  From  his  mnasiircinents  t)ie  dissociation  oonstanta  of 
theae  sub»tanc<!S  w«re  calculated,  ■;<  in  tJie  case  of  the  organic  acids, 
by  moans  of  the  Ostwald  dilution  law.  The  substances  studied  by 
Br«'iIiK  include  a  large  number  of  substituted  aramoiiiaa,  —  primuy, 
seconditry,  tertiary,  and  quaternary,  tha  aromatic  aniinea,  and  a 
number  of  other  organic  and  a  few  inoi^^ic  bases.  The  quaternary 
aminos  are  by  far  the  strongest,  approaching  in  strength  Uie  strongest 
alkalies.  The  secondary  amines  have  a  larger  dissociation  constant 
Uian  either  the  primary  or  tertiary,  and  tlio  primary  and  tertiary 
amines  are  much  more  strongly  dissociated  than  ammonia  itself. 

■  Zt»fltT.  jiAy*.  Chem.  1,  Ki  (188T)  ;  I,  40  (1688). 
*  Ibid.  It.  28B  <18M). 
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The  effect  of  oonstitution  on  the  stntngtli  of  bases  is  seen  when 
itfflwHf  salNttiii'fS  iirn  c<)iii[Ktreil.  As  with  oi^anic  acids  Bo  with 
OqRffiie  bMM,  COnKtittiliun  hit?  a  niarkeil  influence  on  the  strength. 

Th«  coiidtiotivity  of  ealt^  of  a  large  number  of  organic  bases  was 
nl»n  inrjisiiri'il  liy  Itn-tlig. 

Migration  Velocitin  of  the  Complex  Organio  Anions.  —  We  have 
seen  from  the  law  of  Kohlraiiscli  th.-it  the  t-on<iuctiviry  meitiod  rau 
bo  uaod  to  determino  the  velocities  of  imm.  The  value  of  /*_  for  a 
compound  is  the  sum  of  the  migratiou  velocities  of  th«  two  ions.  If 
thi;  value  of  /•,  for  tho  sodium  salt  of  aii  orKiiiiic  acid  ix  determined, 
and  the  velocity  constant  for  sodium  subt^l'^ted,  the  remaiodcr  is  the 
migration  velocity  of  the  anion  of  the  acid.  Extensive  application 
has  been  made  of  the  conductivity  method  for  determining  the  migra- 
tion veloci^  of  organic  anions,  and,  as  we  shall  also  see,  of  organic 
cations. 

Ostwatd'  has  arrived  at  general  conclusions  from  his  measure 

ments  as  to  the  effect  both  of  composition  and  constitution  of  the  ioa 

on  its  velocity.    The  effect  of  increasing  complexity  is  illustrated  by 

the  following  example :  — 

_  ViMcm 

Anion  ot  (onnio  acltl,  nCOO 66.9 

Anion  of  iicelic  acid,  CUiCOO 4911 

Anion  ot  pmplonic  acid,  CIIiCn»COO 98.4 

It  in  oliviouH  tliat  as  the  ion  becomes  more  complex  its  velocity 
becomes  suudliT. 

Wlien  hydrogen  is  replaced  by  chlorine  the  Telocity  becomes  less, 
as  is  flhown  by  the  following  example:  — 

_  T«wrm 

Anion  ot  sMllc  sclil,  CHgCOO 43. 1 

Anion  o!  monoclilorawac  acid.  CH^COO 4S.0 

Anton  otdioblonueUc  acid,  ClICIiCOO m.1 

Anion  o(  tricUorac«tlit  aeUI.  CClaCOO S7.C 

The  effect  ot  constitution  on  migration  velocity  was  studied  with 
isomeric  ions.  The  following  regutts  show  that  isomeric  ions  moTs 
witli  veiy  nearly  the  same  velocity :  — 


{Anion  of  tmtyric  ncld, CH,ClIiCHiCOO 
Anion  of  isobmyrieacld.^lj'NcHCOO 


>  Xtiekr.  pKgt.  C\tm.  9,  SM  (1688). 
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_    /NO,'*' 

f  Anion  flt  ortboiillrobcnzoic  neiA,  C(H,C         . 
J  NCOO 


VdUCITT 


Anion  dl  parHiiiirub«uxt>lo  Mid, 


id.  Cll.^^ 


au 


-     /NH. 


Anion  of  ortboamidoIwDioic  acid,  C«HiC SG.T 

\coo 

.       .       .    $14 


-     /* 

Anion  olincUuiiiiidobcnxolcKcId,  C-tll,v 


Other  relatiouH  were  [lointetl  out  by  Ostwald  for  the  organic  luuons, 
but  fur  tliest)  liU  wrigiiial  jwijior  must  bo  consult«d. 

Uigration  Velooittw  of  the  Complex  Orgftoic  Cations,  —  The  veloo- 
itics  of  iii;iny  iirj^Miiic  ciitiuiis  wen?  falculatod  fiom  Ihv  cuaductivitiefl 
of  saltH  of  the  organic  ha&vs  by  a.  method  strk-tiy  analogous  to  tliat 
already  discussed  for  tbo  anions  of  organic  acids.  The  value  of  ;«, 
for  a  salt  of  the  bas<>  was  determined  directly  by  the  conductivity 
method,  the  velocity  of  the  anion  of  the  salt  subtracted,  and  the  re- 
mainder, from  the  law  of  Kohlrausoh,  is  the  velocity  of  the  cation. 
Some  of  tlie  relations  which  obtain  for  the  cations  are  similar  to 
those  already  pointed  out  for  the  anions.  A  few  of  these  will  be 
referred  to,  but  for  a.  full  discussion  of  this  subject  reference  must 
be  made  to  the  elaborate  investigatian  of  Bredig.* 

TliG  more  complex  Uie  cation,  the  slower  ite  velocity. 

AamoniUBi,  NH| 70.4 

Melbylamuiouium,  CHaNU* (7.9 

Etlij'kuimiciulam,  CilItNU* 4S.8 

Isomeric  ionsvhtch  have  analogous  conatitation  have  approxi- 
mately the  same  Telocities. 

J.  TnaciTT 

Propjilnminoniuu,  cniCHtClIiNni 40.1 

bopropylammoulum.  ^[1'^''''* "  ^H, 40.0 

Tf  thfy  differ  greatly  in  constitution,  isomerie  loiu  usually  hare 
difForPDt  velocities. 

Vwmmt 
Trinirthjrlpropjrkmmonlnm.  (Cll«)«CintIf    .....    SA.S 
DintctbrMlethylaminonlum,  (Cnt)i(CiHf)jM       ....    SSJ 

Tlie  effect  of  constitution  may  in  some  cases  overcome  that  of 
composiiiou,  and  the  more  complex  ion  move  the  faster. 

>LoceU. 
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MMhjrldlnthjrlftmmonlum,  CSi(CtH|)jKH   . 
Dlinotlijldietbylaiuiuouiam  CCHs)i  (Cjtli),N 


.    88.2 


This  liuit  exumple  servos  also  to  illustrats  uiotb«r  fact.  The 
more  ByiDiaetriciil  thu  substitution  or  th«  more  sjrniiuetnoal  tlte  ion, 
the  svifter  its  inovement  The  secund  ioD,  although  mora  complex 
than  the  lirat,  is  more  symmetrica.!  and  has  a  greater  vvlovity. 

Effect  erf  Preseore  on  the  Coadnctlvity  of  Sotatloas.  —  'Ihe  effect 
of  pleasure  on  the  conductivity  of  solutions  was  studied  by  Kanjung.* 
The  pressure  was  produced  by  means  of  a  Cailletot  pump.  Wo 
shouhl  expect  that  whatever  the  effect  of  pressure  on  the  amount  of 
diasuciation  of  the  coi»{>outii],  it  would  increase  the  friction  od  the 
ions  aa  they  move  through  the  elevtrulytrt,  a.nd  cousequeutly  diminish 
the  conductivity.  The  fact  i^,  the  conductivity  is  inoreased  by 
pressure. 

This  is  shown  by  the  following  example :  — 


lT«OtPRKn« 

(•• 

1 

1.3a 

Acetic  Acid 

42 

111 

1»8 

1.39              ^ 

182 
324 

M8              ■ 

Since  conductivity  is  couditioned  botli  Isy  the  number  of  ions 
present  and  the  velocity  with  which  they  move  thrcniKh  iJie  solu- 
tion, an  increase  in  conductivity  may  be  due  to  either  of  two  causes, 
an  increase  in  the  amount  of  dissociation,  or  sn  increase  in  the  veloc- 
ity with  which  the  ions  move.  To  <let«rmine  which  of  these  influ- 
ences was  at  work,  Fan  jung  took  solutions  which  were  so  dilute  that 
they  were  completely  dissociated,  and  studied  the  effect  of  preaeure 
OD  tlip.ir  conductivity.  In  these  cases  the  conductivity  was  increased 
liy  pressure. 

It  is  obvious  that  in  all  suoh  cases  tht>  effect  of  pressure  is  luit 
to  increase  the  dissnciution,  since  it  is  complete  at  ordinary  pressure. 
The  increase  in  the  conductivity  nuwt,  therefore,  be  due  to  an  in- 
crease in  the  velocity  with  which  the  ions  move. 


I  Zt»chT.  phgt.  Clum,  14,  «T8  (I8»4). 
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By  cirnii)iaring  the  sniuunt  of  increase  in  conduetivity  with  presft- 
ur6,  ia  tilt!  OAM!  of  coinpletL-ly  diKsucinlvd  soIiiUdim,  witli  itii'  iiu'rease 
in  the  conductivity  willi  jm-ssure  wlun  the  dissot;iiitiwii  is  not  com- 
plete, we  iecin  to  bo  justified  in  coiioludisg  tliiit  tlie  elfvct  of  |>reii»- 
ure  in  all  cosea  is  to  increusv  tbe  vvloci^  of  the  ions  luid  out  tltcir 
miinber. 

Iiohydric  Solutions.  —  If  we  mix  two  Bolutioos  of  electrolytes, 
the  eouduetivliy  of  the  uiixture  is  not  in  general  the  mean  of  the 
conduotiffities  of  the  constituents,  but  ia  usually  less.  There  are, 
however,  conceutratioits  at  whicli  solutions  of  electrolytes  can  bo 
mixed  without  affeRtliig  each  olhei-'s  conductivities.  This  fact  was 
known,  but  no  satisfactory  explanation  was  offered  until  the  problem 
was  tnlcen  up  by  .-Virheiiiuti.'  He  worked  with  acids,  and  showed 
tliut  whvn  n  solution  of  an  ucid  is  mixed  with  a  solution  of  anotlier 
acid  of  a  certain  concentration,  the  conductivity  of  the  mixture  is 
the  mean  of  the  conductivities  of  tiw  two  solutions.  Such  solutions 
Arrhcnius  termed  i«G>%(/i'tc.    They  arc  defined  by  him*  as  follows:  — 

"Two  solutions  of  acids  are  isoliydric  whose  eoiidiictivity,  or,  in 
other  woi'ds,  whoso  electi'olytic  dissociation  is  not  changed  if  tbcy 
are  mixed," 

The  conditions  which  must  be  fultillcd  in  order  tlkut  two  solutions 
containing  a  common  ion  Uiaj'  be  isohydric,  have  been  worked  out  by 
ArrlieniiM,'  assuming  that  each  electrolyte  is  partly  dissociated  into 
ions :  — 

"Given  two  acids  IT^A  and  H^B,  dissolved  in  water,  the  voU 
umcs  of  tlie  solutions  being  respectively  K,  and  V^.  Of  tlio  acid 
II^A  lot  a  gram- molecules  l>e  undisaociated,  and  «  gramiuolecules 
dissociated  into  the  ions  »i  //  and  A.  I^et  the  corresponding  symbols 
for  the  a<'id  //.fi.  be  6  and  ^. 

"In  consequence  of  tho  analogy  betwi'^n  matt«r  in  very  dilute 
solution  and  in  the  gaseous  condition,  rei-ognized  by  Van't  UoB, 
the  following  equations  hold  for  the  original  solutions ;  — 


and 


V  iL  —  (""*)"    JL 

'V.      F.-  *r. 


(1) 

(la) 


where  K^  and  IC^  arc  two  canstanta  independent  of  the  values  a,  «, 
V,  and  b,  J3,  Vt. 

»  Wlf4.  Ann.  SO.  fit  (1B87). 

»  Zt»(»ir-  phy*.  CAein.  «,  SM  (1888). 


864 


THE  ELEMENTS  OF  PHYSICAL  CHEMISTRT 


"  These  equations  express  the  existence  of  oquilibriutu  botween  the 
concent  rati  vus  of  tliv  undissuciatc-d  purt«  f  — -  and  -—-X  and  the  cod- 

oentntioDS  of  the  ions  f~  and  ~;  ^  and  -^  ].    If  the  soluUoiut 

ate  Isobydric,  the  dissociated  part  (r),  and  consequeully  the  undi»so- 
eiated  part  (a),  will  luidergo  no  ehan^  on  mixing.  If  the  solution* 
are  sufficiently  dilute,  the  volume  afK^r  the  luixinR  will  tie  V,  +  I',, 
and  the  uuiuber  of  hydrogen  ions  (m«  +  np).  Therefore,  we  have 
the  following  equations  r  — 


•(v.+  v,)    \v.+  vj 

b       _fma+ It  ff\' 


V.+  V^' 


«i1 


A. 


n+r. 


(2> 
(2") 


"From  (1)  and  (2)  we  have: 


and  fruiQ  (la)  and  (2a) 


mix  +  »i8  _  ma 


"These  two  equations  lead  to  the  same  result,  vis.,  that 

mn_n0 


(3a) 


(4). 


"The  fact  that  these  two  equations  gire  the  same  solution,  shoirs 
that  if  the  electrolytic  dissociation  of  the  solution  of  the  one  acid 
is  not  changed  by  mixing  the  two  solutions,  the  same  holds  for  the 
dissocialiuu  of  the  other  solution." 

As  ArrheniuB  points  out,  equation  (4)  aUo  shows  that  AolutioDS 
of  two  a.c\iln  are  isohydric  if  they  cuntain  in  unit  volumt;  the 
numlwr  of  liydrii({i*ii  ions.  And,  further,  that  two  solutions  are  ifl 
hydric  if  they  hiiv«  certain  definite  concent  radons,  and,  therefons, 
this  is  iiiil«i>er)dcnt  of  the  amount  of  either  solution  mixed  with  th« 
Other.  I«ohy<iric  solutions  can  be  mixed  in  any  ]>roportioii  without 
destroying  their  isohydric  nature. 

The  discovery  of  the  nature  of  isohydric  solutions  is  of  coosid- 
erablo  importance  in  physical  chemistry.  It  comes  into  play  espe- 
cially in  conne>'tion  with  problems  in  chemical  equilihrium,  and  tfa« 
conditions  which  must  be  fulfilled  in  order  that  equilibrium  may 
exist. 
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The  Condition  of  Double  Salt*  in  Solntion.  —  On«  other  appli- 
cation  of  the  conductivity  method  to  aqueous  solutioru  must  be 
coDsidered  before  this  sectioD  is  closed.  The  question  as  to  the 
condition  of  duuble  salts  in  solution  has  been  repeatedly  the  object 
of  investigation.  Do  double  salts  like  the  alums,  double  halides, 
etc,  break  down  in  water  into  their  constituent  salts,  and  then  these 
Gonstitueul.4  undergo  dissociation  as  if  tlicy  were  aloue,  or  du 
the  double  wilts  diasocial^  att  if  tbey  were  salts  of  eoiupli^x  acids? 
This  diOeretii-e  can  txi  mailfi  clear  by  the  foUowiiij^  example.  Does 
the  compDiiiid  K/'-dl,  break  down  into  2KI  and  Cdl^  and  then 
thew  nndttrgu  electrolytic  di.tKH'iation  into  thuir  ionx,  or  doos  it 

dissociate  at  once  into  K  +  K  +  Cdl,? 

This  ean  bo  decidi-d  by  the  conductivity  method.  If  they  break 
down  M  lir»t  suggested,  the  conductivity  of  the  double  salt  would 
be  the  sum  of  the  conduct! vitiiM  of  the  conntitucnu  at  the  sane 
concentration,  less,  of  course,  the  effect  of  each  salt  on  the  dis- 
sociatiiiit  of  tlie  other  due  to  the  fact  that  the  solutions  ate  not 
isohydric. 

If  they  dissociate  as  salts  of  complex  acids,  the  conductivity  of 
the  double  salt  would  be  much  less  than  the  sum  of  the  conductivities 
of  the  constituents,  since  the  numbac  of  ions  in  tlic  solution  would 
be  much  less.  Among  tliose  who  have  applied  the  conductivity 
method  to  tliis  problem  are  (jrotrian,'  Arrhenius,'  Klein,"  and  Kts- 
tiakowsky.*  Four  investigations  on  this  problem  liave  betm  carried 
o«t  recently  in  this  laboratory  by  Mackay,'  Ota,'  Knisbl.,'  and  Cald- 
well.' Tilt!  gvnoral  result  obtained  is  that  double  nalts  hrvnk  down 
in  concentrated  aqueous  solution  to  some  extent  as  if  tlicy  were  salts 
of  complex  acids.  As  the  dilution  ini'rcn.-tci  the  complex  ions  break 
down  more  and  more,  until  at  very  i^rcnt  dilntii>n  they  an>  completely 
dissociated  into  the  simplest  possible  ions,  just  like  tlieir  constitu«nt«. 
The  effect  due  to  the  solutions  not  bcin);  isohydric  is  determined  by 
studying  mistiires  of  salts  which  cannot  combine  and  form  double 
salta. 

The  Condnotlvity  of  Fused  Eteotrolytei.  —  We  have  seen  that 
aqueous  Hobitions  of  ai^^ids,  bases,  and  aialts  conduct  the  current 
to  a  Kreater  or  less  extent,  and  are,  therefore,  electrolytes.  The 
question  remains  whether  the  substances  would  conduct  under  any 
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^B           conditions  in  the  pure  state,  if  there  was  no  water  present?  i£ 
^m            they  do  not  conduct  la  the  solid  state,  would  they  conduct  wben 
^H            fused?      This  baa    beea  repeatedly  investigated.      Tlie   work   of 
^H            Poincar^'  and  Bouly'  on  this  problein  is  very  important.    Tbpy 
^H            deviated  a  siiei^ial  uictliud  and  a^iplied  it  to  a  lar>,'e  nuuitfei-  of  fused 
^H             RilUt.     They  dt^U-riniiiol  tin:  S[>ecific  cunductirilie^  and  attto  calcu- 
^H            latA(I  llie  iDoleciilnr  cutidiictirities  in  a  iiumt>ttr  of  vase^  knuwiiiff  the 
^H            tpi^cifio  and  molecular  voliiiDfts  of  the  fus«d  salts.    A  fuvr  restilta  are 
^H            givi-n,  the  molecular  conductivities  being  expressed  in  reciprocal 
^H            ohms,  to  show  the  order  of  magnitude  of  the  conductivity  of  fused 
H            wlbi. 
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^B                Th^'sc  results  show  that  heat  as  well  as  water  can  dissociate  eleo- 
^H            ttolytes  to  a  very  considerable  extent. 

^H                  In  connection  with  the  conductivity  of  fused  electrolytes  «*»  should 
^H            mention  aUo  th«  work  of  Gratttz.*    He  found  a  very  tnarlced  coo- 
^H            ductivity  for  the  halo<>eu  comjiuuud^  of  rjuliuium,  r.ino,  lead,  copper, 
^m            and  tin.     He  studied  their  conductivilJea  below  their  meltiag-points, 
^1            and  found  that  the  ttolid  suhtttauces  at  high  temperatures  showed 
^H            very  marked  canduetivily.    With  certain  salts  this  incroased  neg- 
^M            ularty  up  to  and  throii>;!i  the  nieltiug-puint.     \Vith  Others  th«  in*  M 
^B             crea.ie  is  very  rapid  ni-;tr  und  ut  the  melting-point.                                    ■ 
^m                  W.  KohlrnuNch  *  shoured  that  the  halogen  salts  of  silver  bave  &  | 
^M            nurked  conduiHtvity  long  before  the  melting-point  is  rvacluvl.     The 
^M            ehluridv  and  bromide  show  regular  conductivity  up  to  and  through  - 
^M            the  mvltiug-point,  but  the  conductivity  inereHses  ru{)id1y  with  tern-  1 
^M            perature  after  the  salt  has  fused.     Silver  ioilide  behaves  abnormally ; 
^H            its  conductivity  increases  slowly  with  ineresuiing  tcmpermture  above 
^m            the  melting-point,  but  for  a  long  distance  below  the  melting-point 
^M            the  conductivity  decn-asea  very  slowly.    The  conductivity  does  not 
^B            decrease  rapidly  until  a  temperature  us  low  as  IGO*  is  reached. 

^B                     ■  Ann.  Chim.  Pli'ji.  [it].  IT.  GS  (ISSfi).            *  II'M.  Ann.  48.  It!  (IBPO). 
^^^           *  tbid.  8,  21,  288  (ISflO).                                 •  /ftW.  n,  WS  (IBBS). 

ELECTKOCUEMISTBV 


86T 


I 


DISSOCIATING  ACTION    OF  WATER  AND  OTHKR   SOLVKSTS 

Demonstration  of  the  Pretence  of  Free  lona  in  Solation.  —  Aa  our 
subji-i't  Ii;ut  di;vt;lo|ti:ii,  wc  huvb  sLiiilied  it  uiimli<;r  uf  liiii;^  uf  evidence 
bearing  xiyoa  the  theory  of  eleotrulytiu  d issue iixtiuu.  In  nuiLrly  every 
case  the  corri'Otm'KS  of  the  tlieory  as  exprrssin^  u  grout  p.^ncr&l  truth 
of  naliin:  haa  lK*n  estubluhed.  This  large  body  of  i-vidcnco  would, 
however,  be  gn-aily  )itruiigtheu«d  if  some  direct  d  urn  on  strati  oii  of  the 
presence  of  fret?  ions  i»  sultiUoii  could  bo  furuishud.  This  haa  been 
dono  by  Ostwahl  and  Scrnst'     Thdr  experiment  is  as  follows:  — 

A  glosa  tube  iiO  to  40  cm.  in  k<ngth,  provided  with  a  stopcock,  was 
drawn  out  at  one  end  to  a.  tine  capillary.  Tht-  diameter  of  the  capil* 
lary  was  such  that  when  the  tube  wa^  tilled  with  mercury,  it  would 
begin  to  flow  out  of  the  fine  point.  The  tube  was  fastened  upright, 
and  its  tip  allowed  to  dip  in  dilute  sulphuric  acid.  The  mercury 
was  then  drawn  up  into  the  capillary,  and  the  acid  drawn  in  after  it. 
By  means  of  the  stopcock,  the  surface  of  contact  Ix^tween  the  laei-cury 
and  the  acid  could  be  kept  about  tlie  middle  of  ttie  capillary.  A  jilat- 
iuum  wire  fused  into  the  glass  tube  connected  with  the  mercury. 

A  large  glass  fiask  was  filled  wlUi  dilute  Niilphuric  acid.  Its  outer 
surface  was  covered  with  tinfoil,  and  it«  nc<^k  vitrnishpd  with  xhellac. 
The  ooDtents  of  the  flask  vrere  conncctiil  with  the  sulphuric  aeid 
into  which  tlie  capillary  tube  dipjwd,  by  means  of  a  moist  cord.  The 
glas.^  ftask  waa  inxulat^Ml,  by  placing  it  ui>on  a  plate  of  hanl  rubber. 
Tho  outer  coating  on  the  flask  was  coiinwtctl  with  the  positive  pole 
of  a  small  machine  for  generating  electricity;  the  mercury  in  the 
tube  connected  with  the  earth.  When  the  mnehino  was  set  in 
motion,  the  meniscus  in  the  capillary  rushed  up  with  violence,  and 
at  the  same  time  several  bubbles  of  gas  sepaixted,  which  broke  the 
thread  of  mercury  in  a  number  of  places.  This  is  nearly  the  verba- 
tim account  of  what  happened,  as  given  by  the  experimeutera  thein- 
Mlres. 

They  explain  the  facts  as  follows :  "  By  charging  the  coating  on 
the  outside  of  the  flask  iritb  positive  electricity,  the  negative  eleo- 
tricily  in  the  interior  is  attracted  and  held,  while  the  positive  is 
ropcDed.  Tho  latter  passoa  through  the  thread  into  the  capillary 
electrode,  and  through  the  platinum  wire  in  the  latter  to  the  iturth. 
Then*  is  no  closed  current  present ;  the  entire  movement  of  electricity 
wliich  is  produced  is  the  result  of  induction." ' 

As  the  outer  coating  of  the  flask  becomes  charged  with  posiUre 


>  ZUcAr.  pixji.  Cliem.  8.  ISO  (1880). 
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elactrioitj,   the  ions,  S0«   which   cany  the  Dcgative  charge, 
attractei),  the  ]>audve  ions,  hydrogen,  are  repelled,  pass  uv«r  thft 
moist  001x1  to  the  mercury,  give  up  tlieir  charj^e,  and  apjiear  oa 
onlituuy  hjrdn>g«u  ^.i». 

Th«  objvrtion  could  bu  rtu»ed  to  this  exporimcutr  that  a  moA'«mcDt 
of  electricity  takes  placv,  clvirlrolytivully,  through  the  glaaa,  aud  that 
this  causes  the  separation  of  the  hydrogen.  The  authoi-s  performed 
a  Dumber  of  eiperimcuta  to  test  this  potat,  and  convinced  themselves 
that  this  is  strictly  &ii  inductiou  plienoiuenou. 

They  worked  qnantitativeiy,  as  far  as  possible,  determining  the 
amount  of  hydrogen  which  separates  and  the  ainonnt  of  (lie  ele<-1ricity 
induced,  and  found  that  the  ainoiint  of  g:i.s  libiTatetl  com:»j>oiuleil 
to  that  calculated  from  Faraday'ti  law  to  vrithin  tlm  limit  of  experi- 
mental error.  They  coni-lnded  tliat  movement  of  electricity  in  elec- 
trolytes, Gorresiionding  to  Familay's  law,  cau  take  plaou  only  with 
a  simultaneous  nioveineDt  of  the  ioiiH,  and  that  in  electrostatically 
charged  v!eclrulyt<:s  a  number  of  ions,  corresponding  to  the  amount 
of  electricity,  are  free. 

Till-  ijiicstion  still  Tomains,  whether  the  ions  are  not  set  free  at 
the  niomt-nt  of  the  electrostatic  charging  of  the  tinfoil,  so  that  the 
mpuatioQ  of  the  electricities  is  accompanied  by  a  kind  of  electrolysis 
in  the  interior  of  the  liquid.  Ostvrald  and  Nemst  point  out  that 
Clausius  has  shown  that  the  movement  of  electricity  in  electrolytes 
obeys  the  weakest  electromotive  impulses,  which  would  not  be 
possible  if  the  electricity  must  first  perform  an  apprecial)Ie  amount 
of  work.  They  then  show  that  such  an  assumption  is  against  tlie 
laws  of  thcTmodynamics. 

If  we  consider  all  the  precautions  which  Ostwald  and  ITcmst 
have  taken,  it  seems  that  they  have  conoluaively  pntved  the  point, 
that  free  ions  exist  in  electrostatically  cliarged  electrolytes,  and 
that  these  are  not  set  frc«  at  the  moment  of  charging. 

Hodee  of  Ion  Formation.  ^  From  what  ha»  been  said  thus  far, 
the  impression  jijight  lie  gained  that  ions  ciin  Ix^  fonned  from  mol» 
culea  in  only  one  way  —  the  mnlccutes  breaking  down  directly  into 
an  equivalent  numl>er  of  anions  :uid  cations.  Tliis  is  one  way  in  ■ 
which  ions  are  furnieil,  nitd  the  way  with  which  we  arc  most  familiar, 
since  it  occurs  niost  fmpicntly.  The  following  examples  illtistrste 
this  mode  of  ion  fonnation:  — 

1.  HCI  =  H  +  01,  H^,  =  ft  +  H  +  SO. 

NaOH  =  Na  +  OH,  Ba(OH),  =  fia  +  0*H  +  OH, 
KNQ,  =  K  +  NOb       K^O,  =  K  +  k  +  so. 
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Anotlier  meLlKx)  by  which  nn  ion  can  bis  formed  Is  for  an  atom 
to  tlik<!  the  elurg«  fiiim  im  toil,  converting  it  into  an  utom  — the 
orittinal  ton  bucoininj;  uii  AUmi.  Thus,  wli«n  a  liar  of  zino  la  dippud 
into  a  solution  of  copjn-r  salt,  tiic  copper  wliich  Vos  pTvscnt  in  the 
solution  as  an  ion  gives  up  its  two  charges  to  an  atom  of  zinc, 
becoming  an  atom ;  while  the  zinc,  having  received  the  charges, 
becomes  an  ion.  ITiia  is  the  well-known  precipitation  of  copper 
from  a  solution  by  Sine.  Wc  will  call  this  the  eeeond  mode  of  ion 
formation. 

2.  Cu  +  80,  +  Zn  =  Zn  +  S{>,  +  Cu. 

AH  that  oooun  is  a  transference  of  electrii'ity  from  the  copper  to 
the  zinc.  This  is  oxiictly  analogous  to  wliut  takes  place  whenever 
ono  metal  replaces  another,  as  it  is  said,  from  its  salts. 

Another  method  of  ion  foi-mation  is  where  an  atom  of  one  sub- 
stance passes  over  into  a  cation,  at  the  same  time  th.it  an  atom  of 
another  anhslatice  paHses  over  into  an  anion.  When  gold  is  dipped 
into  ehlorine  water,  both  the  roH  and  chlorine  are  in  the  atomic  or 
miileciilar  cotiilition.  But  under  these  conditions  the  gold  can  be- 
come a  cnlioii,  and  the  chlorine  can  form  anions.  This  wo  will  term 
the  third  inetliod  of  ion  formation. 


a 


Au  -f  Cl  +  Cl  -K  Cl  =  Au  +  Cl  -(-  Cl  +  CL 


This  is  usually  expressed  by  saying  that  gold  dissolves  in  chlorine 
water. 

The  fourth  and  last  method  by  which  ions  are  formed  is  where 
an  atom  passes  over  into  an  ion,  at  the  same  time  converting  an  ion 
already  present  into  one  with  a  different  quantity  of  electricity  upon 
it  Thus,  nhlorine  brought  in  contact  with  ferrous  chloride  in  soln- 
tion,  forms  an  anion,  at  the  same  time  converting  the  ferrous  ion 
into  a  ferric  ion. 

4.  Fe-t-Cl  +  Cl+Cl 


,  ye  -1-  CI  +  CI  +  CI. 


This  is  an  eiuimpte  of  wlint  has  »o  fre([uently  been  called  in  chcm- 
istrj',  oxidation.  The  reverse  pbenotiienon  is,  of  oonrse,  what  has 
been  termed  reduction.  In  this  sense  oxidation  iit  simply  increasing 
the  numbiT  of  charges  rairied  by  an  ion,  and  reduction  is  diminish- 
ing the  number  of  such  charges. 

These  four  methods  of  ion  formation,  which  have  been  so  clearly 
pointed  out  by  Ostwatd,'  include  all  the  cases  which  arc  knoaiL     If 

>  See  JM\flt.  i.  JJIff.  Chem.  U,  TSe. 
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trt  stody  th«m  carefully  and  apply  tliem  to  chsmieal  rcaddoos,  wo 
shall  90e  tlut  they  throw  much  light  on  many  problitiiK  in  cliemistiy, 
tbe  metuiing  of  which  hsa  hiUicrto  Iwon  (tosccalvd  in  darkDees. 

The  Diuociafuig  Power  of  IKffereiit  Solrenti.  —  frequent  refer* 
eoce  has  been  inailc  to  the  power  of  wat«r  to  (lissociatfl  moleculea 
into  iODB,  From  ihia  th«  couclusion  might  be  drawn  that  water  is 
tbe  only  solvent  which  baa  this  power.  Such  is  not  at  all  the  case. 
Practically  all  liipiida  hjive  the  power  of  dissocialing  Htrong  Midi 
aiid  liasftii,  and  salts,  when  dissolred  in  them.  But  tlioy  possws 
this  proiwrty  In  ii  very  different  degree.  We  slioulct  bo  familiu 
with  the  relative  dissoviating  power  of  Rome  of  tbe  moro  oommcFn 
M>1  vents. 

Xht  same  metliods  are  AToilable,  at  least  theoretically,  for 
meastiring  dissociation  in  non-aqaeous  solvents  as  have  been  era- 
ployed  with  water.  These  are,  as  will  be  remembered,  tbe  frceiing^ 
point,  boiling-point,  and  conductivity  methods.  The  freedn);- point 
method,  however,  can  be  applied  to  only  a  few  sotvenbs  aince  the 
freeiing-pointa  of  moat  liquids  are  either  too  high  or  too  low  to  come 
within  the  rattge  of  thia  method.  The  boiling-point  method  for  a 
long  time  vrns  not  applied  to  tbe  problem  of  electrolytic  disnociation, 
beoaiiHe  it  was  nut  regarded  a»  auffioiently  accurate  to  give  results 
wlii<^h  would  have  iwioh  value.  This  method  lias  recently  been  im- 
proved '  and  applied  to  the  determination  of  diiisooiatioii  in  BOin«  of 
tlic  alcoliub,  with  a  fair  degree  of  stiocc^ft. 

Tlii>  (-cindiictivity  method  has  been  used  extensively  to  determine 
the  dissociating  power  of  a  large  number  of  solvents,  bnt  even  with 
this  method  a  serions  diffifinlty  is  encountered.  In  order  to  measnro 
dissociation  by  the  conductivity  method,  it  is  not  only  necessary  to 
know  the  molecular  conductivity  of  the  solution  in  question,  but  the 
molecular  conductivity  at  complete  dissociation.  As  will  be  remem- 
bered, «  =  ~    To  determine  a,  it  is  necessary  to  know  both  fi,  and 

H^.  The  great  difficulty  in  applying  the  conductivity  method  to 
measure  dissociation  in  a  Rolvent  with  small  dissociating  power,  lies 
in  obt^uning  the  value  of  ^^.  Unless  Uie  solvent  has  very  great 
dissociating  power,  tbo  dilution  at  which  the  dissolved  Eub«tanc« 
completely  dissociated  is  so  great  that  the  conductivity  metho<l 
not  b«  applied  to  it.  To  determine  the  value  of  ^^  in  such  sol 
it  is  uocessary  to  make  some  assumption  which  often  has  not  been 
proved,  and,  consequently,  the  results  obtained  may  be  inaccurate  to 
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the  nxtent  of  several  per  cent  Yet,  od  tbo  whole,  the  conductivity 
method  is  the  best  at  our  dispWiU  for  determmlng  approxitHately 
tin:  dissociating  power  of  a  lari^e  iiuiDber  of  solvents ;  and  th«  results 
olit.iin(.-d  b}-  means  of  it  are  probably,  in  most  cases,  a  fair  approxi- 
mali'ii  to  the  truttu 

'Diu  dissO(Tiuting  power  of  a  few  of  the  more  caininon  solrenta 
will  be  considered  a  little  more  in  detaiL  Watrr  is  thv  strongest 
dissociant  of  any  solvent  thus  far  known.  lu  dissociating  power 
has  been  deterroined  by  Kolilrauscb,'  Oatwaid,'  Bredig,'  and  a  large 
number  of  other  experimenters  using  the  conductivity  method ;  also 
by  Jones,'  Looniis,*  and  others,  working  with  the  freezing-poiDt 
method. 

A  little  work  done  by  fiouty  *  on  nixrie  aefd  would  indicate  that 
its  dissociating  power  is  very  high,  but  the  data  are  loo  hiw  up  to 
the  present  to  say  just  what  is  its  power  to  dis.ioi>iate  electrolytes. 
Formicacld  has  been  shown  by  tlie  work  of  Zanninovicb-Tessarin' 
to  have  a  very  e^tmng  dissociating  action.  A  comiiarison  with  aque- 
ous solutions  will  show  tliat  Uiis  solvent  dissoeiatos  tuilt«  to  about 
thno-fourtbs  the  extent  of  water. 

Mfthjfi  alcohol  hiu  A  stroiiKer  dissociatiiiK  power  than  any  other 
alcohol.  This  has  been  shown  by  the  work  of  many ;  but  especially 
by  that  of  Oariara,*  V&lliner.''  and  Zvliiisky  and  Krapiwin."  That  it 
has  high  dissociating  power  has  lieen  shown  also  by  the  work  of 
Jones"  with  the  boiling-point  method.  Ila  dissociating  power  is 
from  ODie-half  to  two-thirds  that  of  water. 

£M]rf  atiyifuil  dissociates  much  less  than  methyl  alcohol,  as  lias 
been  sliown  by  Viillmer,"  ("arrara,"  Jones,"  and  others.  The  dissoci- 
ating power  of  ethyl  alcohol  is  not  more  than  half  tltat  of  methyl 
alcohol. 

Ammonia  in  the  liquid  State  has  been  shown  by  Franklin  and 
KrauB  "  to  have  very  high  dissociating  |K>wer,  but  not  as  high  as  wa« 
first  supposed.  It  diesociatea  to  about  oue-Uiird  to  one-fourtli  the 
extent  of  water. 
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SuijAHr  dicridf  in  the  liquid  condilion  haa  very  rttiiKidcrablei 
dissociutJDg  powor,  as  has  brvn  shown  hy  the  work  ot  Wiihlcn.' 

Acftone  stud  othft  ketones  have  bucn  found  by  Carrani,'  Datoit 
and  Aston,' and  others,  to  have  consideraliUi  distnciatJntc  |>o«ror  — 
acetone  effecting  ionization  to  a  ^Twit«r  rxtfnt  than  any  otlier  ke- 
tone. Indeed,  it  is  a  general  rule  that  of  an  homologouji  setiea  of 
corapounda  the  lowest  member  has  the  highest  disaociatiag  power, 
and  this  power  decreases  as  the  membcra  become  more  and  more 
complex. 

Couxiderable  work  has  already  been  done  od  the  dissociating 
power  of  many  other  inorf^auic  and  organic  solvents.  The  kylrocof' 
bnn.i  rintl  ibn'r  guhxtltalion  prrxtueUt,  the  i^lhera,  aidtki/dee,  vthertal  aatu, 
etc.,  havH  very  uliRht  di.iHOciating  power. 

For  fiirtlier  details  in  eonneetion  with  the  diHHOmtinx  power  of 
solvents  reference  mu^t  be  had  to  a  review  of  all  the  work  wbtdt 
has  been  done  up  to  the  present  on  non-aqiieous  solveutit,  which  has 
just  been  prepart-d  by  Jones.* 

AlHtonaal  Remits  obtained  in  Non-aqueous  Solvents.  —  Wbilo 
the  conduftivities  in  non-aqueous  solvents  follow  tbo  sami!  rulers,  in 
general,  which  obtain  for  aqueous  solutions,  yet  exceptions  arc  not 
wanting,  Thus,  it  is  a  general  rule  in  aqueous  solutions  tliat  the 
molecular  conductivity  increases  with  the  dilution  of  the  solution  up 
to  a  certain  point,  where  it  becomes  constant.  There  are  sereral 
exoeptious  to  this  general  relation,  already  discovered  in  non-aque- 
ous solve  nM.  Kablukoff'  has  shown  that  the  molecular  conductivity 
of  hydrochloric  acid  in  ether  decreases  with  increase  in  Uie  dilution 
of  thn  solution,  and  hydrochloric  acid  dissolved  tn  i.ioaniy)  nlrohol 
showod  the  same  plu-uoini-non.  On  llie  other  luuid,  hydrochloric  acid 
dissolved  in  isnhutyl  alcohol  gavo  perfectly  norma!  rf-stilts.  Jones* 
found  results  similar  to  those  obtained  by  Kablukoff  with  sulphuric 
acid  in  acetic  sicid.  The  molcimlar  conductivity  of  Ihfi  sulphuric 
acid  decreased  with  increase  in  the  dilution  of  tl»  solution.  The 
meaning  of  these  results  is  at  present  entirely  unknown. 

Abnormal  results  of  an  entirely  different  character  were  obtained 
fit  ceilain  mixed  gotfenls.  When  Zelinsky  and  Krapiwin'  were 
measuring  the  conductivities  of  salts  in  nietliyl  alcohol,  it  ocooired 
to  them  to  measure  their  conductivities  also  in  mixtures  of  methyl 

'  Ber.  a.  Chtm.  OfMll.  U.  aSfli  (1800), 

»  0«M.  ekSm.  Hal.  Vt.  I.  iOT  (IRSD.  •  Compi,  rtml.  I».  240  (18M>. 

•  Ami-r.  Cflm.  Jovrn.  it.  232  (1901),     '  Zttfhr.  plifs.  Chtm  4,  48l»  (1883), 

»Ibid.    11.  110  (ISM).    Amrr.  Chrm.  Journ.  U.  HIHH}. 

»  ZUchr.  i>hi/i.  CA<m.  ai,  3o  (ISW). 
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oloolml  cuid  wntAr.  Tlio  oonfluetiritics  in  water  nra  coDsiderably 
higher  th:ui  in  metliyl  nlfi>!i"l  iinil«r  the  same  conditions  of  temper* 
ature  tind  coucmmiI ration,  so  tb;it  wc  would  expect  the  coitdiictivitiej 
in  a  mixture  of  the  two  solvents  to  be  highor  than  in  pure  methyl 
alcohol.  Exactly  the  opposite  waa  found.  The  conductivity  in  a 
mixture  of  •'■0  per  cent  alcohol  and  50  per  ceot  water  u-ax  less  than 
in  pure  methyl  alcohol,  as  will  be  seen  from  the  following  reanlts  for 
potassiiun  bromide.  Fis  the  volume  or  number  of  litres  eoulaining 
a  gram -molecular  weight  of  the  electrolyte.  The  nioleciilar  coudiic* 
tivitieii  (/t.)  in  pure  water,  iit  pure  methyl  alcohol,  and  in  fiO  jier 
cent  water  and  fiO  per  cent  alcohol  are  given  in  tba  three  columns :  — 
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The  presence  of  the  water  in  the  methyl  alcohol  decreases  very  con- 
siderably the  conductivity  of  the  dissolved  salt.  The  meaning  of 
this  very  surprising  result  is  at  present  also  entirely  unknown. 

B«Iation  between  the  Dissociating  Power  and  Other  Propertiet  of 
Solvents.  Atte»i[)ts  have  liten  made  to  discover  relations  between 
the  dissociiitiun  jiower  and  other  properties  of  solveuta.  .1.  J.  Thorn* 
son,'  ami  a,  Utile  later  Nernat,'  have  pointed  out  tliat  if  the  forces 
which  hold  the  ittoms  in  tho  molecule  are  of  an  electrical  nature, 
those  solvr'nts  which  have  the  highest  dielectric  con&laut  should 
have  the  grciitcst  dissociating  power.  The  work  which  liaa  thus  far 
been  done  shows  that  this  is,  in  general,  true.  TIr-h?  i.<  n^>t,  how- 
ever, a  proportionality  between  the  dielectric  constnitts  and  the 
ionizing  power  of  solvents.  The  Krxiu-t  relation  Ix-twccn  the  two  has 
not  yet  been  pointed  out,  Dor  can  wc  hope  to  discover  it  until  w« 
cjm  measure  dissociation  in  non-aqueous  solvents  far  more  accuiat«Iy 
than  is  possible  at  present. 


I 


Pha.  Mug.  ss,  aao  (iws). 
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An  entirely  different  relation  has  be«n  suggested  hy  DuUtit  uiU 
AstoD.*    It  ia  well  knovn,  especially  from  the  work  of  Baniray  andl 
Shields,'  that  in  many  liquids  the  iuolecule.a  are  not  tbe  simplest' 
imsatlitc,  but  are  aggregates  of  these  simplest  molecules  of  various 
degTMs  of  complexity  —  ttie  liquid  molecules  ace  pul}  iiK^riiaitionfl  of 
th«  simplest  naa  moltwutea.     The  relation  su{^stvd  by  Diitoit  and 
Astou  is  that  in  only  those  solveula  whicli  are  potyiuerLxed  do  dia^fl 
solved  substancus  conduct  the  imrrt^iit.     Tlmt  tlien.'^  is  a  reflation 
betiroen  the  amoant  of  polyim^rixalion  and  the  dissociating  power  of 
a  solvent  was  shovm  in  a  number  of  cases  by  Dutoit  and  Aston,  andH 
in  a  number  of  other  cases  by  Dutoit  and  Kriderich.*    The  latter 
concluded  that  the  values  of  ^,  for  a  given  electrolyte  in  different 
solvents  are  a  direct  function  of  the  degree  of  polymerization  of  the  J 
solvents,  and  an  inverso  function  of  their  coefficients  of  viscosity.  ■ 
If  a  solvent  ia  not  potymerizod  at  all,  its  solutions  are  all  non-coD. 
duetors. 

There  U  undoubtedly  some  truth  in  this  relation.  Water,  tbe 
strongest  dlssociant  known,  represents  the  highest  degree  of  l>oly- 
mortzation  of  any  known  liquid.  Its  molecule,  a^oordlnj;  to  Ramsay 
and  Shields,  is  to  be  represented  by  (H,0),.  Formic  acid  and  methyl 
alcohol  come  next  in  order  of  iiolymeriiation,  ami  tui  we  have  seen, 
they  stand  next  to  water  in  disMOciatJng  power.  Those  substances, 
on  the  other  hand,  whii^h  liave  nli^ht  ioniKing  power  show  very 
sli^'hl  polyineriuition  of  their  molecules. 

BrUhl*  attempts  to  go  one  step  farther.  He  tliinks  that  oxygen 
is  generally  quail  rival  tint,  and  that  wat«r  and  other  Uciulds  contain- 
ing  oxygen  lire  unsaturated  coiniiounds.  This  cjcpltuns  according  to 
Uriihl  their  polymeriieation,  their  large  dielectric  constant  and  their 
high  disBociatinj  power. 

Xlectrolytic  Dissociation  and  Chemical  Activity.  —  We  have  seen 
that  most  solvents  are  capable  of  breaking  down  to  some  extent  into 
their  ions  strong  acids  and  bases,  and  salts.  We  have  alito  si-eg 
that  heat  can  effect  electrolytic  dissociation.  When  we  remember 
that  some  acid,  base,  or  salt,  ts  used  in  almost  every  chemical  re- 
action, we  shall  see  that  ions  are  almoHt  always  present  whenever 
chemical  action  takes  place.  It  is  tniv  also  that  in  most  chemical 
reactions  molecules  are  Hkewisd  present.  These  facts  woold  natu- 
rally raise  the  question  whether  chemical  reaction  is  due  directly  to 

"  Cimpl.  Ttml.  1»S.  2*0  CI80T). 

'  ZUfhr.  phy>.  (licm.  18,  433  (18B3). 

>  BttU-  S..f.  CMm.  [3],  !»,  S21  (1808).  M 

•  ZUfJir.  phfs.  C'Ann.  II,  614  (IttOC).  ^| 
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the  ions  or  to  molccubs.  Wc  vaiioot  Euiswer  this  offhand,  since 
under  ordinaiy  cuiiditioDS  w«  Imve  both  ioiiit  mid  laoleculcs  present. 
We  must,  on  tho  uno  huiid,  exclude  the  muUwuIeSi  having  nothing 
but  ions  prettcnt;  aud  thi'n  Sfu  whether  wo  have  any  chemical 
activity  between  the  ions.  On  the  other  hand,  we  miist  eacclude  the 
ions,  having  only  molecules  present,  and  then  see  whether  we  have 
any  chemical  activity. 

The  first  part  of  the  problem  ia  solved  by  working  witli  8tron|{ 
acidn  and  bases,  and  italts,  in  very  dilute  solutions.  Under  these 
ei^nditioiis  we  know  that  all  the  tnolecules  are  broken  down  into 
ions.  We  know  that  tt  is  under  just  these  conditions  that  Llie  acids, 
iMUes,  and  saltit  havv  Iho  <jrfntr»t  cJitmkal  activUr/.  We  do  not,  of 
courms  meiin  that  a  thousandth  normal  floliitiun  of  an  acid  has 
greater  dit'tniial  aitivily  than  u  noruuil  iiolution,  but  thiU  it  ha* 
more  than  onothotisundth  the  activity.  In  a  word,  the  strength  of 
electrolytes  increases  with  the  dilution  up  to  a  certain  point,  which 
repR'ScntB  complete  disso<uation. 

The  experimental  solution  of  the  second  part  of  the  problem  la 
not  so  simple,  because  it  is  difficult  to  obtain  substances  which  exist 
entirely  in  the  molecular  condition  free  from  ions.  This  is  due 
chiefly  to  the  difficulty  of  removing  every  trace  of  water  from  the 
presence  of  substances,  and  wherever  water  is  present  we  are  liable 
to  iiave  molecules  dissociated  into  ions.  This  has,  however,  been 
accomplished  in  a  niiinlter  of  cases,  by  taking  very  special  pre- 
cautions to  dry  the  substances  themselves,  aud  aUo  the  atmosphere 
around  theiu.  Having  removed  every  trace  of  all  dissociating 
agents,  it  ouly  remained  to  bring  tlie  molecules  of  substances  into 
the  preaeuoe  of  one  another  aud  to  ti«e  whether  Uiey  reaeti'd  or  not. 
A  ft^w  of  the  most  striking  results  which  have  been  obtained  will 
be  given. 

Wuiklyn '  showed  tliat  dry  clilorinc  does  not  act  on  fused  metal- 
lic sodium. 

Baker'  found  that  sulphur,  boron,  amoqihoos  and  ordioaiy 
phosphorus,  do  not  bum  in  dry  oxygen. 

Hughes'  demonstrated  that  dry  hydrochloric  acid  does  not  do- 
oomposa  carbonates  to  any  appreciable  extent. 

Marsh*  ha«  sbovm  that  pure  sulphuric  acid,  free  from  every 
trace  of  moisture,  has  oo  action  on  blue  litmus.  Similar  results 
hare  been  obtained  with  dry  hydrochloric  acid. 


>  Chm-  y«iw,W,tTl  (I8e»}. 
*  Phil.  TVaMt.  071  (1688). 
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Hughes '  found  Uiat  dry  liydrogen  «ulplu4o  docs  not  act  on  (I17 
metallic  oxiiU-s,  aiid  doex  not  i>rocipilal«  a  solutiou  of  mercuric 
diloridv  in  absohiLe  ult^ohol.  It  ithould  hn  xuted  tliat  Dierouric 
chloride  is  one  vf  it  few  salts  which  \»  oiil}-  sltjjlitljr  dissuciated  by 
water.     It  is  not  dituiociatvd  ut  all  by  absolut«  aloohol. 

The  moat  astonishing  experiments  arc,  bowerer,  the  following : 
Jlughca'  stated  that  when  amniooia  is  dried  over  lime,  and  hydro- 
chloric acid  is  dried  over  phosphorus  pcutoxidc,  Uio  two  would 
remain  in  the  presence  of  each  other  for  twoot}'-four  hours  uttcom- 
bined.  Haket^  dried  both  gases  very  carefully  over  phospboms 
pentozide,  and  brought  them  together  in  such  a  form  of  apparatus 
that  any  change  in  volume,  however  sitgbt,  could  be  readily  ob- 
served. Ho  found  that  perfecUy  dry  ammonia  is  entirely  without 
action  on  perfectly  dry  hydrochloric  acid.  Although  the  oonclusion 
of  Raker  wa«  (tailed  iu  question  hy  Gutuiaitn,*  it  has  sin«a  been 
c«tabli»hnd  beyond  question  by  Baker'  himself. 

Oni!  other  experiment  in  this  connection.  An  experiment  was 
performed  bcfort-  the  f'hrmical  Society  iif  London*  in  which  a  piece 
of  dry  mettdlic  sodium  wjl<  plun)o;d  into  pun-,  dry  sulphuric  acid,  A 
piece  of  wire,  serving  as  a  handle,  was  wrapped  around  the  metallic 
sodium.  At  first  there  was  a  tjiuh  of  light,  then  tho  sodium  remained 
perfectly  qnicsircnt  in  the  sulphuric  iw^id.  Tho  miction  at  fintt  was 
due  to  a  few  ions  formed  ou  the  surface  of  the  metal  by  the  moisture 
of  the  tur,  to  which  it  was  cx[>osed  for  an  instant  before  it  was 
plunged  into  the  sulphuric  acid. 

It  is  needless  to  add  that  in  all  the  experiments  just  described, 
very  special  precautions  must  be  taken  to  dry  all  the  gubetance«  in 
question.  The  ordinary  methods  of  drying  are,  of  course,  entirely 
insutficient. 

These  experiments  show  couclusively  that  niolecnles  as  such 
have  little  or  no  obemieal  activity,  and  taken  alouK  ^'■th  tho  pre- 
ceding ex)>eriments,  show  that  ions  are  the  chief  if  w>t  the  only 
agenU  which  liriuj:;  almut  chemical  activity.  We  have  already 
rcachitd  a  point  where  we  can  say  that  nearly  all,  if  not  all  ebeniinil 
reactions  are  due  to  ions,  molecules  ns  such  not  entering  into  chemi- 
cal action.  The  molecules  which  are  present  grttdualty  dissociate 
m  the  nsoctiun  proceeds,  and  furnish  ions  which  then  react. 

We  can  now  see  why  inorgajiic  reactions  in  genenO  procoed  to 


>  mt.  Afaii.  ss,  631  ciees). 

•  Ij)f..  rlL 

•  Jovm.  Chem.  Sor.  6B,  011  (ISOt). 
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thfl  limit  rapidly,  while  organic  reactions  take  place  inucli  more 
slowly.  Inoi^nic  compounds,  including  thn  strong  acids  and 
bases,  and  salts,  arc  in  gcncml  stTongiy  dissociated  suhstancea. 
The  ions  are  already  ))resent  and  they  react  very  rapidly.  Organic 
componnds,  on  the  other  hand,  are  weakly  dissociated.  There  are 
only  a  tew  ions  present,  and  "Considerable  time  is  required,  under 
ordinary  conditions,  for  the  dissociation  to  proceed  very  fkr. 


ELECTROMOTIVR  FORCE  OF  PRtUART  CKLL8 

ICeamnment  of  EtectromotiTt  Fonw-  —  Ortain  forms  of  appara- 
tns  and  veils  nsiil  in  mciieuring  electromotive  force  must  be  de- 
scribed. More  than  one  form  of  the  Lffprnann  eiectrontfter  has  been 
devised.  The  form  described  by  Lo  Blanc '  is  very  coDvenicnt  for 
ordinary  purposes.     It  was  devised  by  Ostwald. 


Fio.  II. 

Tlie  glass  tnlw  d  (Pig.  47)  is  filled  to  a  conTenieDt  height  with 
mercnry,  wliieli  pem^tinK's  into  tlio  eiipitlary  e.  The  bottom  of  tJie 
tube  b  is  covoK-d  with  nierciiriF',  and  then  filled  with  a  ten  per  cent 
solution  of  sulphuric  ncid,  which  also  pcnetraU's  into  the  capillary  & 
The  apparatus  is  supported  on  a  wooden  stand,  un<l  tlie  [lositton  of 
the  meaiscua  between  the  mercury  and  the  sulphuric  acid  regnlatMl 
by  means  of  Uie  thumbscrew  /  A  platinum  wirr,  sealed  Into  A 
glass  tube  and  projecting  beyond  tlw  sealed  end,  dips  into  the  mer- 
cury in  d.  A  platinum  wir«  dijus  into  the  mercury  in  d,  Ikneath 
the  capillary  c  is  a  ncalv  divided  into  centimetres  and  millimetres. 
If  the  two  platinum  win>«  are  bnnight  in  contact,  the  mercury  will 
take  a  definite  position  in  tlic  capillary,  which  eua  be  regarded  as 

■  ZlMtr.  f>Ay«.  Okm.  »,  471  (1800). 
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the  soro  for  the  instnitncnt.  If  the  instrument  is  now  thrown  into 
a  circuit,  there  will  bt-  a  difference  in  potential  botwoon  the  two 
wires,  and  the  mercury  will  be  diaplacud  in  the  capilluy  in  one 
direction  or  the  other,  depending  apon  the  direc- 
tion of  the  current.  The  amount  of  this  dis- 
placement, depending  upon  the  difference  Ja  the 
potential  of  ilie  two  wires,  is  used  to  measure 
differences  in  potential.  By  this  means  differ* 
eiioea  in  potential  can  be  measured  to  a  few 
tli'iuiutndUts  of  ii  volL  Oitlwaltl  lias  given  the 
Lippmann  i^lixitromcfT  other  fornui. 

Ttio  verticul  form  is  ruiy  conrenient  for  use 
with  ii  smaJl  microscope,  which  is  employed  in 
rcatling  the  scale  diTisions.  A  more  sensitive 
form  of  the  Llppmann  eleotiometer  is  shown  in 
Fig,  48,  The  capillary  is  drawn  out  very  fine, 
and  by  means  of  a  suitable  nicrosoope  it  is  pos- 
sible to  read  the  differences  in  potentLil  to  a  few 
ten-thousandths  of  a  volt. 

The  movement  of  the  mercury  in  the  ciiullaiy 
when  the  current  pas.sea  is  due 
to  the  ehan;{e  in  the  surface- 
tension  produced  by  the  cur- 
rent 

The  form  of  resiMann  box, 
which  is  very  convenient  for 
measuring  the  electromotive 
fotc*  of  elements,  is  shown  in  Fig.  49.  On  the 
left  side  of  tln^  Iwx  are  ten  metal  plugs  connected 
by  wires,  each  having  a  resistance  of  ten  ohms. 
On  the  right  side  are  ten  plugs  connected  by 
wires,  having  a  resistance  of  one  hundred  ohms 
each.  The  two  end  plugs  on  this  side  are  con- 
nected by  a  strip  of  metallic  copper,  which  has 
practically  no  resistance.  The  total  resistance  of 
the  box  is,  then,  one  thousand  ohms. 

A  numberof  norma/ pfeiTwiif^  have  bpcn  devised 
and  used.  The  best  known  of  these  is  the  C'(ark 
elemenL  It  consists  of  mtrcury  over  which  is  placed  a  thick  paste 
of  merctirous  sulphate.  Above  this  is  a  tliick  paste  of  zinc  sulphate 
into  which  a  zinc  bar  is  immersed,  serving  as  the  second  pole.  This 
clement  Ims  an  electromotive  force  of  1.4328  volts  — O.0O12  ((—IS"), 
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t  being  the  temperature  at  which  the  element  ia  used.  The  obj«cli(iii 
to  this  cloineiil  is  that  it.s  temperature  coefficient  is  so  large. 

The  Weston  element  has  the  advantage  that  ita  t«nii)ernturo  co- 
efficient is  practically  zero.  It  couiiitits  of  iu«rciirj-  cov^rud  with  a 
pante  of  mercurous  sulphate,  and  aitave.  lliiii  it  yiuuXe  of  cadmium  sul- 
phate, into  which  a  liar  of  cadmium  dii>8.  Its  vttxtromutire  forc«  is 
!.018G  volta. 

Ostwatd '  recommends  th«  use  of  a  one  voU  tlement  prepared  aa 
follows  from  the  Holmlioltz  calomel  element.  Mercury  is  covered 
with  inercuraiis  chloride.  Upon  this  is  poured  a  solution  of  unc 
chloride  having  the  specific  gravity  1.409,  and  into  this  sohition  is 
dipped  a  bar  of  amalgamated  idnc.  Ita  electromotive  foroe  at  ordi- 
nary temperatures  is  just  one  volt,  and  its  temperature  coefficient 
is  very  small — 0.00007  volt  per  degree.  Such  an  clement  must 
be  compared,  however,  with  a  standard  Claik  or  Wi-.-^lim  element. 
The  nuvimrriRimt  of  rleftromitUm^  fitr*^,  by  mcanii  of  the  apjiaiutus 
just  dcswribcd,  is  comparatively  a  simple  matter.  'I'h»  nielhixl  con- 
sists in  balancing  the  electromotive  force  of  the  clemrnt  in  qiiestion 
against  that  of  a  standard  element.  It  is  known  as  the  compenia- 
tion  method  of  I\)gg«»dorff, 

This  mcthoil  will  be  readily  understood  from  Fig.  50.  An  ele- 
meot  of  constant  electromotive  foroe  U  placed  at  C,  and  connected 


^flk 


nomrt 


rM.M, 


with  Uie  two  end  plugs  of  the  resistance  box  jnst  described.  Tliete 
is  a  definite  fall  in  jiotential  as  the  resistance  increases  from  plug  to 
I^og  along  the  box.  The  element  whose  electromotive  force  is  to  bo 
meMiired  is  placed  at  E,  and  connected  with  the  plugs  in  the  box  by 
means  of  metallic  caps,  which  fit  tii^tly  over  the  plugs.  The  caps 
mr«  moved  from  plug  to  plug,  until  tlie  electromotive  force  to  be 


>  Ztmhr.  pkf*.  CAcM,  1,  400  (188T), 
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measured  is  equal  U>  the  ilrop  in  the  pot«nli&]  of  the  original  cur 
T«nt  caused  l>)'  the  re~tii!itAiiee  in  the  bos.  This  e<|uaUty  is  estab- 
lishet]  \>y  means  uf  the  Lippmanii  eleclroiu«ter.  These  two  equal 
Talucd,  being  opiiosiU!  in  ehiiract^-r,  i-otniiletely  eoiupeusate  eaeb 
other,  .^(i  there  is  no  moveuicnt  of  tJa-  mercury  in  the  elet-trometer. 
When  larger  electrouiotivc  forces  are  to  be  balanced,  oue  or  more 
o^(^volt  elemimts  may  be  intnxltiwd  into  the  circuit  with  the  ele- 
meut  A". 

It  is  necessary  to  determine,  for  iiuy  given  element,  the  iln>)i  in 
potential  from  plug  to  plug  along  the  box.  Tbis  is  aiiw>nipli»tt<^ 
by  introducing  a  standard  element  —  say  a  omsvolt  rlemenl  —  into 
the  secondary  circuit,  and  moving  the  caps  from  ping  to  jihig  until 
the  electrometer  shows  complete  compensation.  Knowing  the  I'Ico- 
tromotive  force  of  the  standard  eleioeDt,  we  know  the  drop  in  poten- 
tial [JTOitueed  by  a  (j'ven  resistance  in  the  box,  sin«e  the  two  arc 
equal.  We  can  tlien  i-alcu1ale  at  once  the  drop  in  potential  which 
would  he  produced  when  any  other  re:sistance  was  introduced  into 
the  path  of  th«  current  from  C,  by  mtivJng  llie  eap4  along  the  plugx. 
It  IK  obvious  that  the  clement  C  must  have  a  larger  electromutive 
fon:e  than  the  iiDnnal  element  which  is  used. 

Tiiix  i-.im  J  If  Illation  method  liiu  been  extensively  u»e<)  in  recent 
yean  ill  ooimection  with  the  lar^e  nnmber  of  measiircnH'nts  of  th« 
■elect  rtinmtivc  fiirw;  of  elcmi-nts  which  have  bc«n  carried  out  from  an 
elcclnK'hi'inic.il  stand  point. 

Transformation  of  Intrinsic  or  Chemical  Encr^  into  Electrical — 
It  fsllon'B  from  the  law  of  the  ci>nsi.Tvatii>n  of  energy,  tliat  whenever 
one  form  of  energy  appears,  an  equivalent  aniount  of  somo  other  form 
Reappears,  Thus,  when  electrical  energy  appears  in  the  cell  it  is  at 
tlie  expense  of  the  chemical  euet-g>-  of  the  substanc<eB  present  in  tin 
oell.  It  has  alwtady  i»ecn  pointed  out  l.hat  the  best  mcsias  of  nieaa- 
uring  chemical  energ)',  or  better,  difference  in  chemical  energy,  ia  U> 
transform  tliia  into  heat  and  measure  the  amount  of  heat  derel- 
oped,  —  in  a  word,  to  detonniue  the  heat  tone  of  the  reaction. 

The  a.<isuniptiuii  wan  made  by  HelmliDUi:  iuul  Kelvin  thai  tn  thn 
simplest  form  of  cell,  the  ehemiiyil  energy  which  lK.-ct>mo3  firee  during 
the  reaction  pa.saes  over  quantitativflly  into  elwilrli-al  enet:Ky.  This 
was  shown  first  by  .T.  Wiltard  Gibbs,'  in  1S7S,  and  a  little  later  by 
Helmholtx,'  not  to  be  true  in  general.     Indeed,  it  is  true  otUj- 


'  Prorffit.  Conn.  Aeitd.    Tr«nKltiifd  into  Grnnaii  by  OMtwald:  Thtnao^^, 
namtirlie  .^liidlfn.  p.  SilT.     Lcipilit,  IS!«, 
*  Siitnnsitbtr.  Brr.  Alcad.,  IVbrnsry,  18S2. 
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very  specia)  cases.  An  element  ma;  either  take  up  heat  from  th« 
surTOUnding  meclium,  or  give  out  beat,  and  this  must  bo  Uikta  into 
account,  The  electrical  energy  produced  in  the  cell  is,  then,  wiuol 
to  the  cbemtcal  energy  whictt  liaa  disappeared,  plus  a  term  whiob  is 
proportional  to  t!ie  electromotive  force  and  to  the  absolute  tempera- 
ture. This  is  formulated  aa  follows :  If  we  represent  the  electrical 
energy  by  E„  the  chemical  euergj-  by  E.,  the  quantity  of  electricity 
generated  in  Uie  cell  by  (■„  the  electromotive  force  by  r,  and  th« 
absolute  temperature  by  T,  we  have  — 

The  last  term  way  bo  eiltier  positive  or  negative,  but  la  more  fre- 
quently negative;  i.e.  the  element  gives  out  bt'at  while  it  is  working. 
A  ]mre1y  physical  ebemicil  tnelhod  of  calenlatiug  the  electromotive 
force  of  elements  wa»  worked  out  by  Nernsl,'  and  to  this  we  aball 
now  turn. 

Calctilation  of  Electromotive  Force  from  Otmotio  Presmre.  — Tbe 
methiHl  of  calfulatiiig  electro  motive  force  fnuji  osmotic  iiressui«  la 
based  upon  the  deduction  by  (Jstwald '  from  the  nuric  of  Nerust. 

If  WD  allow  a  substance  to  pass,  iaothermallr,  from  one  condition 
to  another,  Ihn  maximum  amount  of  external  wotk  U  always  the 
same,  rvgardlesg  of  how  this  takes  place,  whether  oamotically,  or 
olectrieatly,  or  in  any  other  way.  If  we  know  the  loaximum  ext«r< 
nal  work  which  is  obtainable  from  a  process,  we  know  tlie  amount 
of  electrical  energy;  and,  as  we  shall  see,  the  electromotive  force 
is  calculated  directly  from  tli«  eloctricH)  enerjcj-.  The  first  8t«p  ig, 
tlien,  to  determine*  Uie  inaximum  externa]  work  which  is  obtainable 
in  a  (riven  pnicess.  This  can  he  done  by  allowing  the  snbslanee  to 
past  at  constant  tem^icriiturc,  in  a  reversible  manner,  from  one 
fioodittoii  over  to  the  other, 

(jivrn  a  gas  under  a  pressure  />[,  and  volume  r,  and  allow  it  to 
expand  isotherraally  to  a  pressure  j>^  When  a  gas  expands  iso- 
thcrmally  it  takes  up  heat,  and  gives  it  np  as  volume  energy.  The 
energy  Mt  free  under  these  conditions  is  — 


-fmlp. 


Pi 


■  ZlmAr.  fAf.  ChtM. «,  138  (1880> 
*  Sm  Uhrlf.  d.  Atlg.  0«iit.  It,  |H  BS6. 
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But  pv  =  RT,  where  R  is  the  gas  oottsCsnt  and  T  the  atwolutc  < 
ttmperatare,  wbeiic«  the  above  expresHion  bc«omea  (or  giam-tnolecu- 
l»r  weight*: — 

Pi 


-«rj|. 


which  expresses  the  volume  energy  obtained  under  the  condition. 
This  becomes  on  iutegration  — 


RTin 


This  amount  of  energy,  which  is  converted  into  work  by  aa  ii 
gas  in  passing  from  pressure  p,  to  pressure  p^,  is  exactly  equal  to 
the  work  obtained  from  an  ideal  solution  under  the  same  coaditiooa. 
That  ia,  a  solution  of  volume  v  passing  isothermally  ftom  an  osmotic 
pressure  /i,  to  an  osmotic  pressure  p^ 

But  with  the  movements  of  the  ionsj  w©  have  the  movements 
of  the  elfctrical  charges  which  they  carry.  And  from  what  ha* 
been  said,  the  amounUi  of  work  corresponding  to  the  morements  of 
tlie  iona  can  i>e  transformed  into  electrical  energy. 

We  liave  then  tdiown,  thus  far,  how  to  calculate  the  maximum 
exteruul  work  obtainable,  when  a  solution  of  osmotic  pressure  ji| 
passes  isntbcriiially  and  reversibly  over  to  osmotic  pressure  ^i^  anil 
the  rotation  bctwvdii  this  work  and  Uie  electrical  energy  obtainable. 

Knowing  the  electrical  energy,  how  can  we  deteniiina  th« 
electromotive  furcc?  Electrical  enerfiy,  like  every  oUier  inanifcs- 
tationa  of  energy,  can  lie  fact^ircd  into  an  intensity  and  a  iNipacity 
factor.  The  intensity  factor  of  electrical  energy  is  the  elefltromotire 
force  or  potential,  and  the  capacity  factor  tho  amount  of  vli-«tricity. 
If  we  call  the  former  r,  and  the  latt«r  e(„  we  bare  the  encrg}'  electric 
E,  =  ire^  If  we  know  E^  wc  can  calculate  r  at  once,  since  ^  is 
known  from  I'araday's  law.  Knowing  the  quantity  of  ions  which 
pass  ftom  one  osmotic  pressure  over  to  the  other,  we  know  the 
amount  of  electricity  e^  i  knowing  E^  we  calculate  ». 

Let  us  deal  with  a  gram -molecular  weight  of  univalent  ions.. 
These  will  carry  9G,.'.'iO  coulombs  of  dectrici^,  and  tliis  (|uantity 
we  will  now  de»iKnate  by  <%  If  the  ions  are  bivalent,  they  will 
carry  twice  as  much;  if  trtvalent,  three  times;  and  so  on.  Let  xu 
represent  the  valence  of  th«  iona  by  v;  then  a  gratn-molecalai 


'  In  ta  natural  logariUun. 
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weight  will  carry  vcg  amount  of  eleotricity.  8iippos«  a  grain- 
rooIectUar  weight  of  tht^se  ions  is  chacKi^d  n-  [loteiilial.  The  amount 
of  electncal  euetg^  required  to  efToot  Uiigt  char]j<!  is  — 

Dut  this  electrical  energy  in  equal  to  the  OHmotic,  calculated 
abore,  where  a  gram-molecular  weight  waa  taken  into  account.  Wa 
have — 


or. 


ft' 

RTUPi 
£» 

Wo 


This  is  the  fundamental  equation  for  calculating  the  eleetro- 
motive  force  of  elements,  from  the  osmotic  pressures  of  the  electro- 
lytes around  the  electrodes. 

This  equation  has  heen  very  much  simplified  by  Ostwald,'  hy 
introducing  numerical  values  wherever  it  is  possible. 

R  =  2  calories,  and  1  calorie  =  4.18  x  10'  ergs.  T,  the  absolute 
temperature,  can  be  taken  as  290"  C.  for  the  average  conditioDt. 
Tlie  constant "    =  0.0251  volt,  sincfl  volt  x  eoul  =  10'  ergs. 

The  above  equation  then  becomes  — 


0.02M,   ih 


V 


or  in  case  the  ions  are  univalent  — 

.r  =  0.0251  In  ^. 
A 

Thus  far  we  hare  been  using  the  natural  logarithm  obtained  in 
the  process  of  integration,  which  we  have  written  In.  It  is  far  more 
coDTetiient  in  practice  to  use  the  Itriggsian.  To  pass  from  tbo 
former  to  the  latter  we  must  divide  the  above  eoDAtant  by  0.4343, 
when  we  obtain  0.058. 

Tlie  final  expression  of  the  general  formula  for  calculating  the 
electromotive  forcv  of  an  element,  from  the  osmotic  pressuiv  of 
tlie  electrolytes  around  the  electrodes,  is  then  — 

ir- 0.068  log  ^. 


>  See  LtAri.  d.  AUg.  OUm.  n.  p.  8ST. 
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where  log  is  the  Brigg&um  logarithm.     If  the  Talenve  of  the  ion 
greater  than  ODe,  this  must  be  divided  by  the  raU-noe.      Itel 
attetuptiiiK  t<i  apply  this  expreeaion  to  any  coucrete  casus,  wc  inus 
examine  auotlier  cwnpeption  iutroduced  by  JJernst. 

Electrolyse  Solntion-teiuioiL  —  We  are  perfecUy  familiar  with^ 
the  f:ul  t.liat  «lt<-ii  a  solid  or  li<ivitd  is  e»aporat«d,  the  molecules 
pa»»  into  tht!  Njvur  alHive  the  liquid;  atid  equilibrium  is  established, 
for  a  t>t\-t-H  teiiijH-rature,  w1m-ti  tlie  vapor  exerts  a  certain  defiuitOj 
preuiiTv.      Thi.-(   pressure    is    (lrJiigti;ited   as  the    rapor-tension, 
viipor-pre»Miir«  of  tlitt  snbstancv  in  question. 

Says  Nernut:'  "If,  in  aocordanoe  wiUi  Van't  HofTs  llicory,  w* 
amiitiic  tliat  the  molecules  of  a  substance  in  solution  exist  also 
under  a  d^^finit'e  prcMitnre,  we  nrnst  ascribe  lu  a  diMrolring  substam 
Id  contact  witli  a  solvent,  similarly,  a.  power  of  ex|nnsioD,  Cor  hero,' 
also,  tlie  molM-iilfS  are  driven  into  a  spave  in  wltii'lt  thvy  exist 
under  a  certain  pressure.  It  is  evident  tliat  every  subetanoe  will 
pass  into  sohition  until  the  osmotic  partial  pressure  of  the  molmoles 
in  the  sohition  is  equal  to  the  '  solution -tension '  of  the  substance." 

Nernst  thus  introduced  the  conception  of  solution-tension ;  and, 
at  the  ssme  time,  called  attention  to  the  close  analogy  between  erap- 
oration  and  solution,  which  can  be  seen  only  through  a  knovledge  of 
the  osmotic  pressure  of  solutioua.  The  metals,  like  many  other 
substances,  have  the  possibility  of  passing  into  solution  aa 
Every  metal  in  water  lias,  then,  a  certain  soliition-tension  peculiar 
to  itself,  and  we  will  designate  this  by  P. 

If  we  dip  a  metal  into  pure  water,  let  u«  see  what  will  talcA  plac& 
In  conse(|uen(^e  of  the  solution- tens  ion  of  the  metal,  some  ions  will 
paAS  into  suliili«ii.  When  metallic  atoms  pasA  over  into  ious,  tlie; 
must  secure  ))o>tilive  electricity  from  something.  Tliey  take  il  fri.im 
the  mei.al  itself,  whicli  thus  becomes  neftntive.  The  aolutiiMi  Ikv 
comcM  [loxitive,  hecaiisn  of  the  positive  ions  whieh  It  has  receiwd. 
At  the  plane  uf-cimtact  of  tlie  metal  and  solution,  tliem  ii;  formed 
the  siM-iilleil  clw'tricitl  double  layer,  whose  ("xistniict!  was  much  iNirlier 
ie<:o:;nizod  by  Helmhollx.*  The  jiositivcly  charged  ions  in  the  scdu-J 
tiou  and  the  negatively  charged  metal  attract  one  another,  and  a 
difference  in  potiintial  ari^tcit.  Tlic  solution-tension  of  the  metal 
tends  to  force  nmre  inns  into  solution,  while  the  clcctnwtatic  altra^: 
tion  of  the  double  layer  is  in  opposition  to  this.  K<|uilibrium  is 
tabtishcd  when  these  two  forces  are  equal.    Since  the  ions  carry 
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enormous  cbargns,  the  number  which  wit!  pass  into  solution  1>efore 
equilibrium  is  eHtablishcd  is  so  small  that  they  cunxot  be  detected 
by  any  ordinary  method.  ^Vhen  wc  are  dvaliiij;  with  a  metal  im- 
mcrgod  iQ  pure  water,  it  is  evident  that  the  dififereuce  in  potential 
which  obtains  in  the  double  layer  is  conditioned  only  by  tlie  niagoi- 
tude  of  the  solution-tension  of  tlie  motal  in  qiieslioii. 

If  we  dip  a  metal  uf  Huluti<>ii-li:iiHioti  P  \nXA>  a  .lohitioii  of  one  of 
its  salts,  the  ctue  i^  not  quite  a-i  simple.  Let  the  oitmotic  presKUT« 
of  tlie  metallic  ionit  in  the  Moliiliuii  of  the  .talt  be  />,  tlieii  vittier  of 
tlkcee  conditions  may  exist.  The  sotiitiun'len.iion  may  bo  ^rcutor 
tliari  tlie  osmotio  pressure,  less  than  the  osmotic  pressure,  or  just 
equal  to  it.     Wo  may  have  — 

P>P,  (1) 

P<P,  (2) 

P=p.  (3) 

Let  lis  first  take  case  Xot  1,  wliere  u  metal  of  Holntion-tension  P 
is  ininieniod  in  a  solutioD  of  one  of  its  salts,  in  wliirh  tlic  osmotic 
pretssiiro  7>  of  the  inctaliiv  tuns  it*  hiss  than  its  own  solution-tension. 

At  the  moment  the  metal  touches  the  solutiou,  a  number  of 
metatlio  ions,  which  always  carry  a  positive  charge,  will  pass  into 
solution.  These  ions  have  carried  positive  electricity  from  the  metal 
into  the  solution,  and  the  metal  has  thus  become  orgativc,  the  solu- 
tion positive.  At  the  places  where  the  metal  and  solution  come  ia 
contact,  the  double  layer  is  formed,  due  to  the  attraction  of  ths 
opposite  charges. 

"  This  double  layer  has  a  component  of  force,  which  acts  at  right 
angles  to  the  pLine  of  contact  of  the  metal  and  solution,  and  tends  to 
drive  hark  the  metallic  ions  from  tlie  electrolytes  to  the  metal.  It 
acts  in  direct  opiHiHitlon  to  tlu^  electrolytic  solution-tension." ' 

Tlie  condition  of  ei|ui!ihriutu  is  reached  when  these  two  opposing 
foroe«ju3tequHli)M!  oiti>i  another;  and  tlie  final  result  is  the  existence 
of  an  electromotive  force  hi-tween  the  metal  and  the  solution,  the 
metal  bcinK  negative,  the  solution  ixwitive. 

It  is  clear  that  a  metal  cannot  throw  aa  many  ions  into  a  solution 

its  salt  as  into  pure  water,  because  the  osmotic  pressure  of  the 
lie  ions  tdready  in  the  solution  acts  u^iost  the  solution-tension 
of  the  metal. 

T^et  us  now  take  the  second  case ;  where  the  solution-tension  of  the 
metal  is  less  tlisn  the  osmotic  pressure  of  the  metallic  ions  ia  tlie  mv 


>  Ztaekr.  phy.  Chfia.  4,  161  (1860). 
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lutioii.  Metallic  ioDs  will  separate  from  the  Bolutiou  opoo  the  metaL 
When  a  metallic  ion  passes  aver  into  an  atom  it  givea  up  its  positiTft 
ehargi;,  and  in  this  case  it  gives  it  up  to  the  metal,  wbich  becomes 
positive.  The  sohttioD,  having  lost  some  of  its  jiositively  charged 
ions,  bocomea  negative.  At  the  poiutt  of  cuutact  of  ttoluiiMi  iuid 
metal,  ve  have  agmia  tlie  electrical  double  lajct,  but  tliis  time  tfa«  _ 
metal  is  positive  and  tlie  solution  negative,  wltidi  is  exactly  the  I 
reverse  of  the  case  first  consitlorcd.  Mvtal  ions  will  separat«  from 
the  solution  until  the  electrostatic  component  of  force  of  the  double 
layer,  at  right  angles  to  the  plane  of  contact  of  metal  and  soludon,  ■ 
is  just  equal  to  the  excess  of  tlie  osmotic  pressure  over  the  BolnCum- 
tensiou.  Equilibrium  is  established  wfaeo  the  sum  of  the  solution-tea- 
sion  of  the  metal  and  tliis  component  of  force  is  just  equal  to  the 
osmotic  pressure  of  the  metallic  ions  in  the  solution.  An  electro- 
motive force  exists  here,  also,  between  the  metal  and  the  solution, 
but  in  the  reverse  direction  from  the  case  first  considered. 

The  third  case  is  where  the  solution-tension  of  tiie  metal  is  just 
eiptal  to  the  osmotic  pressure  at  the  metallic  ions  tu  tlte  •olutton. 
Just  as  soon  aa  the  metal  touched  tlie  cohillon,  niuililiriuni  is  e*> 
tablished.  Ions  neither  dissulve  from  the  nu'tal,  nor  iH'parat«  from 
the  solulion.  There  is  no  double  elrutrlcal  layer  formed,  and  there 
is  no  ditTeiviit^e  in  jxitential  between  tlio  metal  ami  tli*!  solution. 

If  DOW  vri^' inquire  which  mctalshavehigli,  and  which  low,  solutioo- 
(ensions,  wc  shiiil  find  that  magnesium,  zine^  aluminium,  cadmium, 
iron,  culxilt,  nickel,  and  the  like  arc  always  negative  wlien  immersed 
in  solutions  of  thcli  own  soltji,  This  means  that  the  solution-tension 
of  the  metal  is  always  gi'calcr  than  the  osmotic  pressure  of  the  metal 
ion,  in  any  solution  of  their  salts  which  can  be  prepared.  If,  on  the 
other  hand,  we  take  gold,  silver,  mercury,  copper,  tftc,  we  usually 
find  the  metal  positive  when  immersed  in  a  solution  of  its  salt. 
This  means  that  the  solution -tension  of  the  metal  is  .to  small,  tltnt  it 
is  leas  than  the  osmodo  pressure  of  the  metaltio  ions  in  the  solution. 
When  a  very  dilute  solution  of  .salts  of  these  metals  is  prepared,  the 
osmotic  pressure  of  llie  metallic  ions  may  In^-coine  Ws  than  the  very 
slight  .solution-ten.iion  of  these  metals;  and  then  tl>e  niotul  would  be 
negative  witli  resjMct  to  its  solution. 

Wc  have,  thus  far,  spoken  chiefly  of  the  solution-tension  of  metaU, 
which  tends  to  drive  tlie  metal  over  into  i-ations.  Substances  which 
can  pass  over  into  anions  have  also  a  so! utioit- tension,  as  is  pointed 
out  by  Le  Blanc'    If  the  chlorine  ions  in  a  solution  had  an  osmotio 
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pressure  wliicli  was  greater  thttn  the  sal utiou -tens ion  of  clilorine,  th« 
chlorine  loiia  would  laas  uver  into  ordinary  uhlurine.  Uut  Le  UIiidc 
adds,  that,  aa  far  aa  we  know,  all  sub»tajicea  which  can  yield  negattre 
iouK  liave  a  hi^li  soltitiuu-ti^iisiuu. 

Demonitratios  «f  the  Solation-teiiiion  of  Uetala. — A  deiiion§ti'a» 
tion  uf  UiK  s<iliitiiiii-U!n»iiiii  ut  nu-Uls  has  been  furnished  by  I'aliuaer.' 
Ucrcury  is  a  metal  whoss  solution-tftugian  is  v«ry  small.  £v«n 
when  in  contact  with  a  very  dilute  Eolutiou  of  a  mercury  salt,  the 
8olution-t«Dsioa  of  the  mercury  is  less  than  the  osmotic  pressure  of 
tlie  mercury  ions  in  the  solution;  and  some  of  the  mercury  ions  will 
separate  fi-om  such  a  solution. 

Given  a  vessel  whose  bottom  is  covered  with  metallic  mercury, 
and  over  this  is  placed  a  solution  of  niercurou^t  nitrate  having  a 
volume  of  2000.  A  feir  mercury  Ions  will  tteparate  from  Ute  wtliition 
and  l^ve  up  1]ieir  pOHitlvn  cliarKes  to  th«  mercury.  Thu  (tositividy 
charfj^d  lueroury  will  atLract  electrostatically  u  fww  nugatire  HO^ 
ions  to  form  the  di>iiljle  Liycr.  This  will  Ixt  continued  until  n  cec^ 
tain  ililTi^renc*;  in  {Kibentiul  has  been  reai-hed,  when  «ijuilibnum  will 
be  established.  If  a  drop  of  mercury  is  now  let  full  into  the  soltition, 
a  few  merciiry  ions  will  separate  upon  it,  charge  it  positivolj,  and  it 
will  then  attract  an  equal  number  of  negative  ItOgions  and  drag 
them  down  with  it  throuf^h  the  solution.  I'hc  next  drop  of  mercury 
will  behave  in  exactly  the  same  manner,  and  thus  the  top  of  the 

^h  aolutii>n  will  become  continually  poorer  and  poorer  in  the  salt. 

^^  When  the  drop  of  mercury  comes  in  contact  with  the  mercury  at 
the  bottom  of  the  vessel  where  equilibrium  is  already  established, 
what  will  happen?  When  the  drop  has  united  with  the  mercury, 
this  will  contain  an  excess  of  positive  electricity,  and  therefore  a 
small  quantity  of  mercury  ions  will  pass  into  solution.  And,  indeed, 
exactly  the  same  niunber  as  there  are  NO,  ions  brought  down  from 
the  top  to  the  bottom  of  the  solution.    The  solution  will  thus  become 

^k  more  coooentrated  just  atiove  the  layer  of  mercury  on  the  bottom  of 
the  vessel. 

A  fine  glaHH  tube  from  which  mercury  flows  is  known  as  a  drop- 
eleetrode.  To  produce  chaiige«  in  eonceutration  sufficient  for  the 
purposes  of  a  demouNtration,  a  very  powerful  drop-eleetrutle  must  be 
used.  This  is  inaile  by  iu^rting  a  conical  ^\sisa  stopper  into  a  conical 
);\as.fi  tube,  co  that  the  junction  is  niercury-tiKht.  A  large  number 
of  fiuo  grooves  are  theu  etohett  on  the  outaide  of  the  stopper,  tto  that 


'  a*'Ar.  phyi.  Chem.  U.  *»  (ISeS)  ;  n.  257  (I8P9).    Zfehr.  eltk.  Cktn.  T. 
L  JBT  (IDOO).    See  alao  OntUnet  qJ  EleetroeiitiaiMrf,  Jomoi  (Eicc.  Bct.  Pubu  Co.). 
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the  mercuty  will  stream  Uirougb  as  a  fine  mUt.  To  aaaiat  Uiia 
process  the  nwrcury  is  subjected  to  toar  or  tire  atmospheres  of 
pressure. 

Under  thene  conditions,  however,  the  mercury  csjinot  be  allowed 
to  Bow  directly  into  a  Teasel  filled  with  a  dilute  solution  of  a  loer- 
cury  salt,  and  <'iiDt.-uiiing  mercury  at  Uie  Initloiu,  since  there  wuiild 
be  too  mueli  vominatioii  in  tlio  solution.  The  arrangement  whivti 
was  used  ib  atiown  iu  Fi^.  "1.  Tlwj  dr«])-ftl™trodi5 
T  dips  into  tho  fHiiin-l-»liaj«Hl  vcsiwl  O,  which 
is  connected  by  a  narrow  tube  aud  a  rubber  tnbe 
with  the  larger  ressel  M.  This  is  in  torn  con- 
nected with  the  vessel  U,  where  the  change  in 
concentration  can  be  observed.  IVhcn  the  mer- 
cury has  b«en  allowed  to  flow  for  five  niiiiutvs 
under  a  pressure  of  five  atmosplutmt,  distinct 
chau^ex  in  concentration  am  he  dettwlje<]. 

Palmacr  ^ves  data  which  show  that  the  con- 
ei-utration  above  ha<l  Ixxai  diminislied  aa  much 
as  fifty  \yifx  («nt,  and  incmased  below  as  mncb 
i\A  forty  jjer  cent. 

This  will  bo  r(H;ognixcd  at  once  to  be  a  very 
remarkabln  oxporimcnt,  and  bt^ore  our  modem 
physicjil  chcuieal  theories  were  projjoscd  would 
hiivr  Ix-cii  entirely  inexplicablp.  The  results  of 
this  experiment  were  predicted  before  tiie  experi- 
ment was  trioL 

Calculation  of  the  Differenco  in  Potential  betweeo  Hetal  aud 
Solution.  —  Tlic  diHVronec  in  potential  between  a  metal  of  solution, 
tension  />,  and  a  solution  of  one  of  its  salts  in  which  the  metal  ion 
has  au  osmotic  prcssiu'e  j>,  can  be  calculated  as  follows: — ■ 

When  a  substance  of  solution-tension  P  is  converted  into  ions  of 
osmotic  pressure  P.  no  work  is  done.  Therefore,  to  ooMvert  a  sub- 
stance of  solution -tens  ion  P  into  iona  of  osmotic  pressure  jp,  the 
maximum  work  to  Ite  obtaini.'d  is  the  some  as  that  obbdiu'd  by  trnns- 
ferriiiR  tlie  ioa*  from  cuimotic  pressure  /*  to  osmotic  pnMsuro  />. 
Now  we  have  »<vn  that  tlio  gas  laws  apply  to  the  osmotic  pressure 
of  solution!!,  and  the  amount  of  work  can  be  calculati^tt  from  a  gas  in 
passing  fiinn  ipw-prcssurc  P  to  gas-prcssui-e  p.  If  we  deal  with  a 
gT&m*niolecuiur  weight,  we  have  seen  (p.  382)  this  to  be — 
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We  hare  also  awn  that  this  osmotic  work  is  etjiial  to  Ihi-  i.<lcctnca] 
work  for  an  i«oth(!rin»l  triinnformatioD.  The  eleclrii-iil  work  is  the 
potential  liiin-s  thv  iinioiint  of  electricity.  If  we  aro  dealing  with 
gratii-molei'iiliir  qiiuntitii-s,  it  is  iru^o- 

Equatiiiff  thi-se  two  values,  we  have  — 

««o=fl7']n-, 

P 

or,  if  the  ions  am  univaloot,  v  =  1,  when  we  have — 

RT,    P 

'o  P 

RT 


I 


» 


Sow  wf  know,  from  piigo  383,  that  —  =0.0351  volt 


Passing 

from  natural  Id  Rrii^siikii  IdgiiritUms,  this  ixicoinus  0.058  vott. 

The  {lutential  Imtw^cn  nietul  and  solution  is  then,  when  r=290', 

»  =  0.058  log  ^ 

We  have  learned  thus  far  how  to  calculate  Uie  clw-tromotive 
force  of  elements  from  tho  osmotic  pressuie-s  of  the  solutions  itround 
the  «lectrodes,  and  also  how  to  calculate  t\v-.  [mtenti'i]  between  a 
metnl  and  the  solution  of  one  of  its  aaltt  in  whii-h  thv  mi'tal  is 
immersed.  Willi  these  two  eonmpttons  in  mind,  yv  will  now  study 
ft  fev  elements  to  sei!  Imw  these  principles  wv  applied. 

Types  of  Cell*.  —  Wr  know  a  large  nuinl>cr  of  ctdU,  and  they  may 
be  cliLHsirii'd  iitiik-r  the  following  heads :  Connfanf  aad  Iwxmgtant,  and 
constant  ch-nivuts  may  bo  mvfsiUe  or  new-wivrsiWe. 

If  the  chttmical  process  in  tho  cell  remains  the  same  during  the 
time  it  is  closM,  the  cull  is  constant;  if  the  chemical  ptxtcess  changes, 
it  is  inetin^atit. 

Constant  elements  differ  among  Ihemselres,  Through  BOme  nf 
these  we  can  send  a  current  in  the  opposite  direction,  without 
changing  their  eli^lmmntive  f<iix«.  This  class  of  constant  elements 
is  termed  n-vrrxifilf.  This  uii[ities  to  «Iements  in  which  the  elec- 
trodes are  immerwd  in  snlntions  of  their  salt*.  Take  as  an  example 
tlio  Danicll  ch-nH-nt.  This  consists  of  a  bar  of  wn«  inimcr^wd  in  a 
solution  of  zinc  sutphat«>,  and  a  bar  of  copper  in  a  stilntion  of  oopi>er 
sulphate.  When  tho  curteiit  is  passed  in  the  opposite  direction 
tliTOUgli  this  c<-11,  its  nature  is  not  changed.  The  normal  action  is 
that  till'  zinc  ilissolres  and  copper  separatosu  When  a  current  is 
passed  in  tli«  opposite  direction,  copper  dissolres  and  sine  separates. 
But  ncithur  process  changes  the  oatatu  of  tlic  cell. 
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If  the  eledioiDotive  foroe  is  ohuiged  wbeo  i  currttiit  U  pasaed  in 
lliii  ijj)jM>siie  lUri't.'li'Jii.  llie  elemenl  i.t  iioii-mvi'MiWe^ 

CouoeotratioD  Element!  of  the  Pint  Type.  —  Wi!  will  first  coa- 
nidcr  ft  vwry  8iinjil«  lyint  of  a  reversible  irlenieiit,  tbe  two  riecttodes 
being  of  the  snine  inctml,  and  iminorsiil  in  sututioiu  of  th«  sani« 
salt  of  that  nii>tal,  thv  solutions  b»viii^  tlitfrreiil  <s>ni»Qtifttiou&.  To 
take  a  concrete  example :  Two  bars  of  metallic  zinc  sue  iuimersed  in 
solutions  of  ziuc  cbloriiU'.  t!ie  one  bar  in  a  tenthnormal  solutiou  of 
tbe  salt,  the  other  in  a  Liitidredtfa-Doriual  solution.  The  two  sttiv' 
tioDS  are  connect«d  by  a  tiilie  filled  with  either  sohition.  When  the 
two  line  Ijars,  which  are  the  eteotrules,  are  ouunecletl  vxtenuilty,  tb« 
curr<>iit  flows  snd  we  Iiavi>  an  elenieiil.  O.itWidd  defines  a  cell  or 
eleiiient  as  any  devioe  in  which  obciniral  energy  is  converted  into 
electrical. 

The  only  differenoo  between  the  two  sides  of  this  element  is  in 
tH«  coDOCiitmtion  of  ttic  fleet rolytio  solutions.  The  element  is  there- 
fore termed  a  "  concent  rati  on  element."  Further,  since  Uie  salt  of 
the  metal  is  wliiMe,  this  is  termed  a  "  concentration  element  of  tlie 
first  chiss"  to  disHngtiish  it  from  other eonceutratioa elements  which 
will  hr.  talten  up  later. 

Take  the  example  given  abore,  of  two  lata  of  zinc  in  two  solu- 
tions of  zinc  chloride  of  different  conccntrationa.  The  action  of  the 
cell  is  such  as  to  make  the  two  solutions  lieeome  tnoi-e  anil  more  nearly 
of  the  same  concentration.  The  more  diUile  wluliim  IxTmues  more 
concentrated,  and  the  more  concentrated  more  dilnt*;,  antil  when  the 
two  heeotne  equal  the  element  ocasex  to  act  Zinc  then  passes  into 
solutiou  in  the  morn  dilute  iioliiiiiin,  and  ziue  tons  separata  as  metal 
OQ  the  bar  from  the  more  i-onucntiaUol  solution.  The  eIectro<Ie  in 
the  more  eouccntrated  sulution  is  always  positive,  since  metallic 
ion.4  are  giving  up  their  positive  charges  to  it  and  separating  as 
metal  upun  it.  ThR  elcclrotlc  in  the  more  dilute  solution  is  nega- 
tive, biM-au.se  ions  are  passing  from  it  into  the  solution,  and  narrying 
with  them  positive  (charges  which  come  from  the  electrode.  In 
an  element  of  this  kind  the  current  always  flows  on  the  outside 
frtim  the  electrode  which  is  immersed  in  the  more  oonooatnitnl 
solutioD. 

The  action  of  this  cell  is  just  what  we  woultl  expect  The  aoln- 
tion-tension  of  the  sine  is  the  same  on  Ujth  sides  of  the  cell  The 
osmotic  pressure  of  the  zinc  iotia  is,  of  eoursc,  greater  in  the  more 
concentrated  solution.  Tiie  osmotic  pressure,  which  works  directly 
against  the  solutinn-teusion,  will  cause  the  ions  to  separate  from  the 
solution  in  which  this  pi'cssure  is  the  groater.    Tbe  eleotromoUve 
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force  of  such  an  element  wouM  bo  the  difFerence  in  the  potential 
upon  thi>  two  sides  of  th«  cell :  — 


RT.P      RT .    P 
IT  = In —  In  ~ ; 


Wo        P* 


Here  v  is  the  valence  of  the  cation,  p,  and  ;>,  Uie  osmotic  prcss- 
upea  of  the  einc  ions  in  tlie  two  solutions.  Tliitt,  however,  dws  not 
take  into  account  the  changes  in  thn  eoncontratioDs  of  the  solntions, 
which  are  taking  place  while  Llii>  current  is  passing. 

If  Po  electricity  itamte^  from  the  clftctrodc  into  the  electrolyte,  a 
gniui-moli'iculur  wi-ight  of  univak-nt  cations  separates  from  the  elec- 
troHo,  di«solv«M,  and  intTPHsfs  by  unity  the  concentration  around 
this  electrode.  But,  at  the  same  time,  cations  are  moving  from  this 
electrode  with  the  current,  over  toward  the  other  electrode.  The 
amount  depends  upon  the  relative  velocities  of  anion  and  cation.  If 
we  represent  the  relative  veloci^.  of  cation  by  c,  and  of  anion  by  a, 
the  number  of  the  cations  which  will  move  over  with  the  ourreiil  is 

c 
—  ■■■--     The  increase  in  the  concentration,  due  to  a  gram-molecular 
c  ^  f* 

weight  of  cations  passing  into  the  solution,  ia  then,  — 


1- 


C  +  rt 


This  factor  Is  to  be  multiplied  into  the  fonner  equation  to  obtain 
the  osmotic  work,  which  can  then  be  equated  to  its  equal,  the  elec- 
trical energy.  Let  n,  represent  the  number  of  ions  in  the  elec- 
trolyte.   Taking  into  account  both  sides  of  the  cell,  we  hare  — 

•J  a    n.HT 
e  +  a   t*B 
2a 


,„^, 


I  or, 


"'0.0002  r  log'*'. 

c-ha  w  "  pt 


According  to  Uits  formula,  the  only  variables  arc  p,  and  po  the 
osmotic  pressures  of  the  cation  in  the  two  solutions  around  the 
electrodes.  The  clectTomolirc  forco  of  such  elements  should  de- 
peud  only  upon  the  relative  osmotic  pressures  of  tJie  solutions,  and 
not  upon  the  absolute  osmotic  pressures.  Tliis  has  been  found  to  be 
true.  The  electromotive  force  should  also  be  indci)cn<lcnt  of  the 
kind  of  line  salt  used,  provided  the  salt  is  soluble,  and  yields  the 
use  number  of  zinc  iona  in  each  solution  as  the  salt  in  questitm. 
s  the  chloride  could  be  replaced  by  the  bromide,  iodide,  nitrate, 
etc.,  of  such  concentration  that  the  osmotic  pressure  of  the  zinc  ions 
remained  the  same,  and  the  electromotive  force  of  the  element  shouM 
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^H           ran.tiii  Hn«>iftTi||;efl,  and  again  iiuoh  is  Uifi  fact    The  reason  for  this 
^H            win  bo  is<^L-ii  at  uiiue  liy  exauiinintj  tlte  list  equation,  Riace  it  is  valj 
^1           the  vsinotic  pressure  of  iim  catiun.t  which  comes  into  play  —  tliv 
^H           anion  havinj;  nothing  wliaterer  to  do  with  the  electromutiTe  force 
^H           of  thp  olvmfnt. 

^H                 'I'lic  electromotive  force  of  a  number  of  elements  of  tbo  type  we 
^H           are  considering  has  been  measured,  and  to  within  tlto  limits  which 
^M           could  reasonably  be  expected  has  been  found  to  agree  with  that 
^H             calculated  from  the  above  equation.     To  calculate  the  electTomotire 
^H            forc^,  a  number  of  quantities  must  be  meaxured.    c  and  n,  the  rela- 
^H           tave  velocities  of  cation  and  anion,  must  be  determined ;  sirailu'ly, 
^H            p,  and  pf,  the  osmotio  jireaisurea  of  the  caijons  in  tbo  solutions,  must 
^H            be  ascertained  by  indirect  nietliods,  wbieh  involve  the  mea.iureinent 
^V           of  the  ilissooiation  of  these  solutions.     Hince  each  of  the^  processes 
^M            introduces  an  terror  of  greater  or  less  magnitude,  we  could  not  expect 
^K             a  very  close  agreement  bclwer-ii  the  el ii'tni motive  force  ns  mraeured 
^H            and  ns  cnli-ululcd.     Whi^u  we  tftke  ail  of  these  facts  into  account  the 
^H             agreement  is  often  surprisingly  close. 

^H                 The  following  ri'siills,  obtained  by  Ttfoser  for  solutions  of  copper 
^H            sulph»t«  with  fojipcr  electrodes,  are  cited  by  Ostwald.'     The  ron- 
^H             centrations  of  solutions  1  and  II  arc  the  number  of  parts  of  water 
^H             to  one  ]iart  of  i-oppcr  sulphate,     r  is  the  electromotive  force  «x- 
^H            pressed  in  thousamlths  of  a  Daniel]  cell.     The  unit  is  0.0011  volt. 

1 

II 

*  t>iiniTaD 

■  Oaucliti* 

■                 i3a.s 

4.1'ce 

fl.3G3 
6.406 
17.07 
ftt.23 

27 
2G 
21 
1(t 

10 

£7.4 
SS.8 
21.4 
1S.8 
10.3 

^M                 The   concentration  of  one   solution  was    maintained  coitstaut 
^M            throughout,  and  that  of  the  other  varied  at  wUL    The  agreemeot 
^H             in  these  cases  is  very  satisfactory. 

^m                Conoentration  Kl^tmenti  of  the  Second  Type.  ^  The  ehanoteristic 
^M            of  the  element  which  ne  havi-  ju.st  Ixm-h  i-onNidering  is  that  tlie  metal 
^m            is  surrounded  by  one  of  its  sulubl'-  salts.     We  may  also  hare  OOD- 
^M            centralion  elements  in  which  the  metal  is  surrounded  by  one  of  its 

H                                                  >  LeDrb.  d.  jUlg.  Chan,  II,  p.  833.                                      , 

fnlolvNe  salts;  tbus,  stiver  surrounded  by  silver  cliloride.  In  tiw 
latter  case  we  must  Iiavo  present,  in  addition,  a  soluble  <:hloi-id«; 
ood  thv  saluble  cbloridc  must  be  of  differi;iit  conceutrations  on  the 
two  tiidi-s  of  the  veil.  Tbe  vtcnu-iit  would  vousist  tbea  of  a  liar  of 
silvi-r,  surrounded  by  solid  silver  chloride;  and  over  tbis  a  aoliitioii 
of  some  chloride,  say  potassium  chloride ;  and  on  the  other  aide,  a 
b&t  of  silver  surrounded  by  solid  silver  chloride,  and  over  this  a 
solution  of  potaasiuiu  chloride,  of  different  concentration  from  that 
need  on  the  side  first  deacribod. 

Thia  element  is  termed  a  conoentratioa  element  of  the  second 
olaaa. 

The  action  of  this  cell  wLl!  be  such  as  to  dilute  tbe  more  concen- 
trated solution  of  potassium  chloride,  and  to  concentrate  the  more 
dilute  solution.  Silver  dissolves  from  the  eloL'trode  surrounded  by 
the  more  concentrated  potassium  chloride,  and  the  ions  of  ailver 
luiite  with  the  chlorine  ions,  and  solid  silver  chloride  is  formed. 
The  potassium  iona  move  with  the  current  over  to  the  other  side  of 
the  element,  and  form  potaasium  chloride  with  some  of  the  chlorine 
which  was  there  in  combination  with  silver  as  silver  chloride.  Thia 
silver  then  separates  as  metal  upon  the  electrode.  In  this  way  the 
more  concentrated  potaitaium  chloride  becomes  more  dilute,  and  the 
more  dilute  becomes  more  concentrated. 

Tlio  eliHiLrode  imnieraed  in  the  more  concentrated  potaaxiiim 
chloride  is  the  oni'-  from  which  nilver  iotia  separate;  therefore,  iIiih 
is  tho  negative  pole.  The  }x>Ie  in  the  more  dilute  .solution  of  potaa- 
sium chloride,  receiving  silver  ions,  is  |tositive.  The  current  tJien 
flows  on  the  outside,  from  t]ie  pule  in  the  more  dilute  |iotaa.<tiMin 
chloride  to  tho  pole  in  tliB  more  eonceiifrat«d. 

This  is  exactly  tlio  r«v«rseof  what  takes  place  in  a  concentration 
element  of  the  first  typo.  There,  as  wo  have  8«>n,  the  current  flows 
on  tJie  outside  from  the  polo  surrounded  by  the  more  concentrated 
electrolyte. 

The  electromotive  fore*  of  a  concentration  element  of  the  second 

type  is  calculated  in  a  manner  perfectly  analogous  to  that  employed 

r^lKHll  DOnceiitralion  elements  of  the  first  type.     The  electromotive 

force  ir  is  eiiual  to  the  difference  in  the  potential  at  the  two  poles :  — 


M\nL^?l\n^  =  ?^ln?l 


Wi 


Pi      vr^       Pi      vet 


Pi 


As  in  the  caM  of  Ute  concentration  element  of  the  first  class, 
this  does  not  take  into  account  the  ehauges  in  the  conc^entrations  of 
the  electrolytes  wbieb  are  takintc  place.     At  the  anode  the  metallic 


394 


THE  ELE5IEXTS  OF  PHYSICAL  CTIEMISTRT 


■Urer  itt  pasfliiig  into  aolntion,  and  wlicii  e,  electricity  is  aUowed  to 
flow,agTam-uio1ecuIar  weight  of  the  Hilvfirwil!  pads  over  int«  ions — 
will  dissolve.  Tbis  will  change  the  (runoeiitratJon  of  Hie  potamimn 
chloride  around  this  pole  by  —  1.  Ktit  at  ttie  same  lime  potassium 
is  moving  with  the  current^  and  chlorine  in  the  opposite  direction, 
and  this  further  thangea  the  concentration-  If  we  represent  the 
relative  luifiralion  velocities  of  K  aikl  CI,  ttapeetively,  by  c  and  a, 
the  total  change  in  concentration  around  the  anode  will  be  — 


-1  + 


e  +  a 


c  +  a 


The  change  in  ooncentration  around  the  cathode  would   be,  of 
courso,  — 


This  factor, 


e  +  a 


r  +  a 


must  \x!  multiplied  into  the  above  espression  for  electromotJTe  force, 
when,  taking  into  account  the  action  on  both  sides  of  the  cell,  we 

x=--^-5-L'''*iln-&; 
c  +  a    w,        pt 

e  +  a  V  p, 

when  n,  is,  as  before,  the  number  of  tons  yielded  by  the  electrolyte, 
and  V  th«  valence  of  the  cation.  The  clitctromotive  force  of  a  uom* 
bor  of  such  elements  has  Ik'Cu  luea-iured  by  Xt-nurL'  Mercury  wa« 
used  as  the  roetal,  since  it  could  Ciisily  be  obtaimtd  in  pure  i-oikIi- 
tion.  It  was  covered  with  an  insuluble  salt  of  meronry,  and  the 
soluble  olet'trolytc.  then  addud,  Tlie  rhloride,  bromide,  a<rt!t«to,  and 
hydroxide  of  mercury  wci-c  used,  and  the  soluble  cl<tctrglyte  on  both 
sides  of  the  acW  must  contain  the  flame  auiou  as  the  salt  of  meroury 
which  was  employed.  If  the  chloride  was  used,  the  soluble  electro- 
lyte niuat  be  a  chloride.  If  the  hydroxide  of  mercury  was  employed, 
a  soluble  hydroxide  must  be  used,  and  ao  on. 

Some  of  the  combinations  which  were  made  and  measured  by 
HeruBt  are  given  in  the  following  table.  The  first  coltuan  contains 
the  soluble  electrolyte  whioh  was  employed.  Columns  II  and  III 
^ve  the  concentrations  of  tlie  .solutions  of  this  electrolyte  on  the 
two  sides  of  tlie  cell,    "a  calculated  "  is  the  electromotive  force  cal- 

1  Ztidtr.  phyt.  Oi-m.  4.  159  (1S80>. 
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ouIat«cl  from  the  preceding  formula,  and  "«■  found"  in  th«  electro- 
motive furcc  of  the  coiubiDatiou,  as  measured  by  Nenist. 


1 

11 

III 

• 

■» 

SOLGfeLK    BlACTSOLTTX 

C4urcBirT*ATio!r  1 

CovcmrTKATtciK  S 

CabCVUTtD 

7ai>;iii 

ItCI      .... 

0.106 

0.018 

0.0717 

0,07  ID 

HCl      . 

0.1 

0.01 

O.OtKtO 

0.093S 

llBr     . 

o.l:;fl 

0.01.-^ 

0.0017 

0.09»3 

RCl 

0.1  aG 

(I.OISG 

O.OM:i 

O-oaai 

Kaa     . 

0,125 

0,tH2G 

0.0108 

D.oio-i 

LiCI     . 

0.1 

0.01 

0.0330 

0.031^ 

«H,a .     . 

O.l 

0.01 

u.ar.31 

O.0MS 

KABr   . 

0,136 

0.013G 

o.rwM 

0,0417 

CHjCOONft  . 

o-iae 

0,0126 

O.O0OJ 

o.ooeo 

NaOll  . 

0.2.'Ui 

0.030 

0.0183 

0,0178 

KOH    .       . 

0.1 

0.0] 

0.(KH» 

li.WH& 

NII(OU 

0.306 

0.03S 

0.01BS 

O.0M 

Liquid  Elementa.  —  It  has  lout;  been  known  that  there  mfty  be 
diffetencea  in  potential  at  the  contact  of  two  solutions  of  electro- 
lytes. This  can  be  shown  I))'  consirucling  an  element  in  which  the 
two  electrodes  are  of  ibe  same  uietal,  and  immersed  iu  the  same 
soUition  of  tlie  same  eleotrolyte.  There  fan,  therefore,  he  no  differ- 
ence in  potential  between  tb«  two  nn-taU,  nor  between  tlie  metals 
and  electrolytes,  for  the  tensions  between  tho  metuls  and  electro- 
lyt«9  are  the  same  un  llit'  two  sides,  »nd  act  in  dinwL  o]i[K>sition  to 
one  another.  If  two  solutions  of  ckctK'lyt^^s  of  (iifffn-nt  concentra- 
tions arc  introduced  into  the  circuit  between  the  solutions  in  which 
the  electrodes  are  immersed,  we  shuU  have  an  cK-menl  witli  a  certain 
definite  etectroniotire  force.     A  typical  liquid  clement  would  be  the 

following :  —  ,      , 

Mercury  —  morcurous  chlonde. 


potassium  chloride. 


-^  potassium  chlorid& 

-^  hytlrocliloric  add. 

^  hydrochloric  acid. 

—  potacsium  chloride. 
Mvrcuioua  chloride  —  mercury. 
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Theory  of  th*  Liqud  ELement  — The  first  aatisfactoT^'  theory  of 
the  liquid  cletucnt  we  owe  to  XeriioU'  What  is  tlw  source  uf  ilie 
diSereucea  io  potential  in  liquid  elements?  That  diSereuoes  in 
jxktenlial  should  exist  in  electrolytes  there  must  be  a  lack  uf  luii- 
form  distribution  of  ions^  The  region  wtiich  ia  poaitive  must  con- 
tain an  excess  of  cations,  and  that  which  is  negative  an  excess  of 
anions.  Thr  muM  of  Aia  lafk  uf  uni/orm  di^r^uliou  of  i<tn»  is  io  tn 
founil  in  tkif  tliffrrcnt  vrli>cHif-*  toilk  whiek  IA«  diffenmt  ioiui  diffttK. 

Take  the  cawe  of  a  solution  of  hydrodiloric  acid  in  ooutiurt  with 
pure  wut«r.  The  hydrogen  uud  chlorine  ions  in  the  saiutioii  of  the 
acid  arc  present  in  the  same  number.  They  are,  therefore,  under 
the  same  osmotic  pressure,  and  are  drircii  with  tliu  same  force  into 
the  water.  But  they  move  witb  very  different  velocities,  from 
regions  of  higher  to  those  of  lower  osmotic  pressure.  Hydrogen 
is,  as  we  have  seen,  the  swiftest  of  all  ions,  and  more«  very  much 
faster  than  chlorine.  It  will  thus  diffuse  into  the  water  more 
rapidly  than  chlorine,  and  will  tend  to  separate  from  the  chlorine. 
But  the  positive  ions  cauuot  separate  from  the  ne^tive  ions  with* 
out  ])roduciiig  a  separation  of  the  two  kinds  of  electricity.  There 
will  result,  therefore,  elitttrustatio  attraction.*  betweens  the  layers, 
which  wilt  retard  the  hydrugvn  ions  and  accelerate  the  chlorine  iona, 
until  the  two  have  tlie  saniu  velocity. 

DilTerenci'3  in  potential  will  result;  and  always  in  the  sense 
tliut  the  water  or  the  more  dilute  solntion  will  have  the  sign  of 
the  swifter  ion.  ){ydro]i^^n  being  the  swiftest  of  all  ions,  water 
or  the  more  dilute  solution  of  acid  is  always  positive  with  respect 
to  the  more  concent ratod.  Next  to  hydrogen,  iu  onier  of  velocity, 
comes  hydroxy!.  Water,  or  the  more  dilute  solution  of  a  base, 
must,  therefore*,  always  be  uegative  with  respect  to  the  more  oon* 
cent  rated. 

Nernst  has  shown  not  only  how  it  is  possible  to  aeooitnt,  <|UiUi- 
tatively,  for  the  differences  in  potential  Iwtweeii  eleetTolyt«s,  but 
has  furnished  us  also  with  a  method  of  calculating  these  differences 
quantitatively. 

Given  two  solutions  of  different  ooiir«ntratioiis  of  an  electrolyte 
like  hydrochloric  acid,  which  is  conijiosecl  of  a  univalent  cation  and 
a  luiivalent  anion.  Let  the  velocity  of  the  cation  be  c,  and  that  of 
the  anion  a.  Let  pi  be  the  osmotic  pressure  of  both  ions  in  the 
more  coiicentrtiti^  solntion,  and  p,  the  osmotic  pressure  in  the  mon 
dilute.    If  (^  electricity  is  passed  from  the  more  conoeatrnted  to  the 

>  Zuchr.  phyi.  Chem.  A.  140  (1886). 
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more  dilute  solution,  — -—  ot  a  gram-equivalent  of  cations  will 
move  witJi  the  curruut,  and  — —  of  a  giajD-equivalent  of  aiuoug 
will  niove  aguiust  the  current 

— -—  of  cittioiiti  have  moved  from  a  region  of  greater  lo  one  of 
less  osmotic  pressure.    Tho  work  is  ;^ 

e  +  a  ft 


^ 


But 


a 


c  -f  " 


of  ariiona  have  moved  from  a  region  of  lower  into  on© 


of  higlifli  osmotic  pre^ure.    The  work  dune  upon  them  is:  — 


a 
e  +  a 


JtT  In^'. 


The  total  gain  is  the  ditlerenoe  between  Uie*e  two: — 

c  +  a  Pt 

Equating  this  against  the  electrioal  energy  «„  we  have  — 


w  = 


c  +  a   Po       Jit' 


«t. 


w=^-^o.oooariog^. 

c  +  a  "p, 


If  c  is  grvaUtr  than  a  the  mora  dilute  solution  is  positive,  as 
already  stati^d,  and  the  current  iloirs  ou  the  outride  from  the  more 
dilute  solution  to  the  more  couceutrated.  If  a  is  greater  than  c,  the 
more  dilut«  solution  is  negative,  and  the  current  flows  in  the  oppo- 
site direction. 

If  the  velocities  of  the  two  ionit  are  equal  (c  =  a),  the  right 
member  of  the  a))ovtt  equation  becoiinw  wtro,  and  there  is  no  eleo- 
tromotivp  force.  It  Is,  therefore,  impossible  to  ootititruct  a  liijiiid 
element  from  solutions  of  an  cIcetrolyU;  who»c  ration  and  aiiiuo 
have  the  same  velocities.  If  the  vaU-nce  of  cither  ion  is  gnraler 
than  unity,  this  must  be  taken  into  at-coimt.  If  we  represt^nt  the 
valence  of  tlie  cation  by  v,  and  that  of  the  anion  by  t\,  tlic  abuT« 
expression  becomes  — 

c     a 

w  =  ?— ^0.0002  r  log  5. 
c  +  a  '*ft 
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Nernst  prepared  liquid  elemeots  aud  detemiinod  their  electro- 
motive force.  Ho  ilieii  calculated  tie  electromoiive  force  from  the 
ftbsve  equation,  and  compared  the  valuea  found  experimentally  with 
those  from  calculation. 

The  following  element  already  referred  to  was  constructed  i  — 

12  3  4. 

H«  -  HgCl  -  KCl  -  KCl  -  HCl  -  HCl  ~  KCl  -  HgCl  -  Hg. 

n  n  n  »  » 

10      100     ioo      10      To 

The  potential  differences  at  the  ends  are  equal  and  opposite,  and 
ttieret'ora  equalize  one  another.  The  four  diffoi'enoes  in  potential 
which  must  be  taken  into  account  are  iiidicateil  above.  Jtut  the 
potential  differences  are  dependent  ujion  tlie  lelative,  not  liiK>u  the 
absolute  osmotic  prej^aufea.  The  potentials  at  2  aud  -i  are,  there- 
fore, equal  and  oppo§ite,  and  can  also  iw  left  out  of  account.  Thin 
leaves  the  iwlentials  at  I  and  ti,  aud  the.>te  caii  be  calculated  by  the 
method  already  given.  Let  r,  and  Uj  Iw  llie  r.-lative  vi.d<ioiti<:iji  of 
potaAsiiun  and  chlorine  ions,  and  r,  and  a,  the  tclative  velocities  of 
hydrogen  and  chlorine  ions ;  the  eWlTomotive  force  of  this  element 
would  l>e  calculated  as  fi>lluw:<,  from  the  equation  just  deduced. 
The  elGciiiiiiioiive  forte  would  b«  the  difforcnce  between  thc«e  two 
potentials:^ 


I 


Ih 


C.  +  0,    eo        Pi 


p  and  ^1  are  the  osmotic  pressures  of  the  potaasium  and  chlorine 
ions  in  the  more  con(«ntrated  and  mure  iiilut«!  solutionK,  ivK)KH-tive3y; 
p'  and  p,'  the  osmotic  pressuif!;<  of  the  hydroj^en  and  chlorine  ions 

in  the  solutions  of  hydrochloriis  a<!id :  — 

Pi    P? 
Introdacing  this  into  the  last  equation,  we  liare  — 

Vt-j  +  iJ," 


c, -t-ir 


••o        Pi' 


or, 


.  =  f^>_^)  0.0002  rioff^. 


This  is  the  expression  for  calcidating  the  elcetromotive  foMjela 
liquid  elements  lilte  tliB  aXtova  where  Uie  valence  of  the  nation  b 
the  same  as  that  of  the  anion.     If  they  are  differi.'itt,  we  will  repn- ' 
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•ent  the  vaJenoe  of  the  <!atious  by  v  and  v',  and  that  of  the  anions 
l»y  V,  and  r,';  th«  equation  for  the  eleotromotive  force  would  th«n 
beoom«  — 

V        V,       v'       V, 


^ 


> 

^ 


.0.0002  Tlog^- 
Ci  +  a,      c-t-fi,  "jii 


The  electromotive  force  of  the  liquid  element*  which  have  been 
studied,  as  calculated  from  the  above  equation,  agrees  with  that 
meaHiired,  to  witliin  the  limits  of  experimental  error. 

It  should  be  obnerved  that  the  expression  deduced  above  holds 
only  for  the  |H)ioiiiial  at  tli<^  cuutai^t  uf  aolutions  of  thti  same  t^lectio- 
lj{e,  the  soliiliims  ln-iug  of  difft-ieiit  concentrations.  If  different 
eleutrulylfit  are  itttMl,  we  have  no  general  nit^us  of  calculating  the 
potential  at  their  Nnrfai'R  of  (uiiitai-L. 

It  .thiiulil  \»  »tatt?d  l>ffiire  h^aviii){  the  snhjecL  of  llqtil'l  elements, 
tlmt  till!  potential  at  the  coiitaiTt  of  two  solutions  u  ii.suiUIy  not  gr<;at, 
and  that  the  elect roEuotive  force  of  liquid  elemciiU)  is  in  gc^nrrul  not 
largi-. 

SouTcei  of  Potential  in  a  Concentration  Element  —  We  may  now 
analyna  more  ci<)§i'ly  the  ek-ctromotivc  forovi  iu  a  vonctrntnttioo  ele- 
ment in  the  light  of  what  wo  have  karncd  about  the  liquid  element. 
Thus  far  we  have  dealt  witli  the  concf  titration  element  as  if  the  only 
fiourees  of  the  i)otcntial  were  at  the  points  of  contact  of  the  elec- 
trodes and  the  solutiooa.  And  indeed  this  is  practically  tine  in  the 
cases  of  the  concentration  element  which  we  have  studied. 

We  have  learned  from  the  study  of  the  liquid  element  that  the 
plane  of  contact  of  two  solutions  of  an  electrolyte  is  also  a  st^ai  of 
potential.  In  the  concentration  element  there  is  always  such  a 
contact  between  two  solutions  of  the  electrolyte,  and  thi«  must  be 
a  source  of  {ic>t,eiitial.  In  th«  concentration  element  which  we  h«v« 
Studied,  this  potential  is  so  small  that  it  can  practically  be  neglected. 
While  tlie  potential  between  solutions  is  usually  small,  it  may,  how- 
ever, ea-tily  nsMiune  proportions  which  must  be  taken  into  nocounb 
We  mu-it  now  sec  how  it  is  possible  to  calcnliitc  the  potential  at  thfl 
contact  of  the  two  solutions  in  the  concentration  clement.  We  can 
Uien  analynt  the  electromotive  force  of  a  concentration  element  into 
its  tlirr<r  constituents,  and  oaloulate  the  magnitude  of  the  potential 
at  each  electrode,  and  also  at  the  surface  of  contact  of  the  elec- 
trolytes. 

Let  the  potential  at  one  elecilnide  be  «■',  at  the  other  electrode 
V,  and  at  the  conUol  of  the  two  ttluctrolytea  it"'.     Tho  values 
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of   ihctte   potentiuU   aro  calculated   by   means  of   the    folic 
formulas: — 

Pi 

V'=-O.0002riog^; 

Pt 

»■"  =  0.0002  rH^L?loB^ 
e  +  a      Pi 

These  equations  obtain  for  uniTalont  ions.  If  the  Taleoee  of  the 
ion  is  greater  thaa  one,  this  must  bv  takea  into  aooouDt  in  the  way 
aheatly  dc^t-ribed.  The  sum  of  the  three  puti^itiaU  uuat  then  be 
the  potential  of  the  coucentration  elviaent. 

,r'+»"= -0.0002  riog^i 
P$ 

(,'  +,'■)  +  ,'"  =  0.0002  r-^log??. 

c  +  «       ft 

This  must  be  the  aame  as  the  equation  already  d«duc«d  (p.  391) 
for  the  coueeutration  element.  It  will  be  seen  to  bo  the  caw,  if  we 
eon»idei-  that  »,  =  2.  and  v  for  univalent  ions  equals  1. 

Wo  can  thus  calculate  tlie  niaj^nilude  of  the  throe  sources  of 
potenliat  iu  a  eonceutratioii  element  of  the  first  class.  An  elctneot 
of  thi.t  class  lia.*  been  diusen,  since  the  relations  are  somewhat 
simpliti'.  Thu  inaiu  suiirces  of  {lot^ntial  are  at  the  contact  of  oleo- 
trodc  and  electrulyle,  wlillu  a  very  siuall  potenliat  exists  at  the  con- 
tact of  the  two  electrolytes.  Iu  elements  of  this  kind  it  ia  perfectly 
clear  thiit  there  is  no  jiotential  where  the  twoelectrodes  come  in  COI^ 
tact,  IxHMiise  these  are  of  the  same  metal. 

Chemical  Elements.  —  In  the  elciaciita  which  we  have  thus  fax 
considered,  the  electrical  energy  is  not  product-d  at  the  expense  of 
chemical  energy,  as  Lc  ISlauc  '  clearly  jiuinls  out.  Since  tlie  intrio' 
uc  or  chemical  energy  of  the  substances  in  tlio  cell  rcinnins  unaltered, 
the  electrical  energy  produced  in  the  cell  must  come  mainly  from 
the  heat  of  surrounding  objects,  which  is  converted  into  electrical 
energy  in  the  cell. 

There  ate,  however,  forms  of  elements  in  which  chemical  energy  i 
is  converted  into  electrii>al,  and  these  ate  termed  citmicol  dmotlt. ' 
Such  elements  may  trau.^form  the  chemical  energy  (piantitAtively 
into  elwitrical;   or  only  a  portion  of  tlie  chemical  energy  may  be 
trausformed  into  electrical,  the  remainder  appearing  as  heat;   or, 

)  Lthrbuch  drr  Eliklrvehcmit,  p.  IWK 
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finally,  a  part  of  the  electrlt^al  energy  inay  come  from  the  chetnicAl 
energy,  and  the  reciiaintlttr  fioiii  the  heat  takeu  up  by  the  cell  aud 
transformed  into  electrical  otierg}-. 

There  is  tlms  no  VL-ry  sliurp  diminction  lietveeu  chemical  elements 
and  non-chetnical  elements.  There  are,  however,  elements  in  which 
raoHt  of  tlie  electrical  energy  comes  from  chemical  energy,  and  these 
we  will  include  under  the  hefid  of  chemical  elementH,  to  distinguish 
them  from  tliiise  elements  where  no  chemical  eneigy  ia  converted 
into  electrifa]. 

It  is  obvious  that  tiiere  might  be  a  large  number  of  elements  in 
which  a  Bniall  portion  of  the  electrical  energy  was  produced  from 
chemical  energy,  and  the  remainder  from  heat  energy.  Such  would 
obviously  not  fall  into  either  of  the  above  classes. 

Wo  will  take  as  a  type  of  the  chcniiciil  element  the  Daniett  dfr 
tneiif,  which  consists  of  zinc  immersed  in  a  solution  of  zinc  sulphate, 
and  copper  immersed  in  a  solution  of  copper  sulphate.  Zinc  dis- 
solves, passing  into  solution  as  ions,  while  ions  of  copper  separate 
from  the  solution  in  the  metallic  form.  The  zinc  electrode  is  there- 
fore negative,  and  the  copper  positive ;  the  current  passiug  on  the 
outaide  from  the  copper  to  the  zinc 

In  calcniating  the  electromotive  force  of  the  Oauiell  element,  the 
Bolution-ten.tion  of  l>uth  Uie  copper  and  the  zinc  must  be  taken  into 
account.  In  the  elemenla  which  we  have  thus  far  considered,  both 
electrodes  were  of  the  same  metal.  The  solution-tension  of  the 
metal  was,  therefore,  the  s.ime  upon  both  sides  of  the  cell,  and  being 
of  equal  value  and  0|>]Hisiti>  sif;u,  it  disapgwarrd  from  the  equation 
for  the  electromotive  fon-r  of  the  clement.  WhcTiever  the  electrodes 
are  of  dilTorent  subslunccs,  their  solution-tensions  being  of  unequal 
values  must  be  tiikun  into  account. 

The  application  of  our  fundamental  equation  to  tlie  electromotive 
force  of  the  l>anicll  element  will  secvo  as  an  example  of  the  way  in 
which  it  may  be  applied  to  other  well-known  elements.  The  electro- 
niotive  force  is  eipial  to  the  difference  in  potential  at  the  two  cleo- 
troiU'«,  since  the  potential  at  the  (intact  of  the  zinc  sulphate  and 
copper  sulphiite  is  so  slight  that  we  can  practically  disregard  it. 

Representing  tlie  potential  at  the  two  electrodes  by  «t  and  wp  we 

^      2^      P.' 
in  which  P  and  i\  are  the  aolntion-tensious  of  the  two  metals :  — 
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In  the  light  of  this  example,  the  applii^ation  of  the  concepdoai 
here  develoiied  to  other  special  pases  should  be  a  simple  matter. 

Oxidatioa  and  Reduction  ElemenU.  —  A  type  of  elements  which 
Illustrates  very  well  the  trail sfoniuition  of  chemical  energy  into 
electrical,  is  known  &s  the  oxidation  and  reduction  elententH.  The^te 
iiiiiat  be  considered  very  briefly.  In  a  paper  on  "Chemical  Action 
at  a  Distance,"  *  Oittwald  di-scrilx'il  ntwh  phviioiiiena  w  the  follow- 
ing- If  we  have  a  solutioo  of  ferrous  chloride  in  conliint  with  a 
aolntlon  of  potaasium  chloride  wliich  contains  freo  chlorine,  and 
plunge  cjirbon  or  platinum  electrodes  into  Uia  two  liqnids,  we  have 
aa  element,  [t  ia  not  even  oeoctisury  that  the  two  soluttous  should 
come  in  conluct;  they  may  be  separated  by  an  eloctmlytc.  say  a 
solution  of  potassiinn  chloride.  Ostwald  recommended  the  following 
experiment:  Two  iK^nkers  are  filled  —  the  one  with  a  solution  of 
ferrous  chloride.,  tho  other  with  a  solution  of  potassium  chloride 
saturated  with  vhloriue.  Platinum  electrodes  are  introduced  into 
each  vessel,  »nd  are  coDuectod  with  each  other  through  a  galva- 
nometer. The  two  beakers  are  con»»lcd  by  means  of  a  sij^ion 
filled  with  a  solution  of  potassium  cliloride,  and  the  ends  loosely 
stoppered  with  rolls  of  Rlter-pajwr.  When  the  cirnuit  is  closed  the 
galvanometer  shows  that  a  current  is  passiug ;  and  it  doirs  iu  the 
liquid  from  the  ferrous  chloride  to  the  chlorine^  Within  the  cell 
the  ferrous  ion  passes  over  into  the  ferric  ion,  and  at  the  same  time 
an  equivalent  number  of  chlorine  ions  are  formed  on  the  other  side 
of  the  cell.  There  is  evideutly  an  oxidation  of  the  iron  and  a  rfr 
ductiou  of  the  chlorine  taking  place. 

We  must  now  detiue  oxidatjon  and  reduction  in  an  electric*] 
sense.  An  dfctrtval  oxiftitluif  <iye»t  is  one  in  which  there  is  a 
tendency  to  form  uew  ite^'ativi^  charges,  or  to  caufte  positive  charges 
to  disupiH^ar.  Au  electrkai  rfiluaiiff  agtnl  is  one  in  which  there  is 
a  teiuh'ncy  to  form  new  [lositive  ion  charges,  or  to  cause  negutive 
charge.-!  already  prwent  to  disappear. 

In  the  above  clement  the  ferrous  ion  t-nkes  up  a  pciailive  charge 
from  the  electrode  with  which  it  is  in  contact,  becoming  a  feirio 
ion.  and  the  corresponding  negative  charge  is  taken  from  the  otber 
electrode  by  the  chlorine,  which  becomes  an  anion.  The  electrode 
immersed  in  the  reducing  agent  (KeC;!,)  is,  therefore,  the  anode,  while 
the  electrode  immersed  in  the  oxidizing  ^eot  is  tJie  cathode. 

1  Zuchr.  phst.  Chtm.  B,  tM  (1804). 
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As  Ostwald  obscrvf^,  this  element  tteenis  to  represent  cheinirtU 
action  aa  taking  place  al  a  dintanr.K,  —  the  chlorine  i»  one  vesstiO  con- 
verting thu  fi?rrou8  iron  in  iuioLlier  vensel  into  ft*rnn  iron,  lint  aa 
■wa  liave  just  Keen,  it  is  rwidily  exijlaiuwl  iu  tlie  li};hl  of  the  theory 
of  clfctrolylic  dissociulimi. 

Th«  m(!iisurcinciit  of  the  clet^trwin olive  fonrc  of  u  number  of  such 
el«m«nta  was  carried  out  in  Ostwiild's  hiboratory  hy  W.  D.  Buucroft.' 
The  more  important  conclusions  at  which  lie  arrivwd  aro:  — 

The  plectromotive  forc-e  is  an  additive  property,  i.e.  the  snm  of 
two  conEtant«,  one  depending  on  the  oxidizing  ^c&t,  the  other  on 
the  reducing  agent. 

It  is  inde[«udent  of  the  concentration,  and  of  the  natut«  of  Che 
electrodes,  if  these  are  not  attaclcenl  by  the  electrolytes. 

It  is  also  iudepeudeiit  of  the  nature  of  tite  electrolyte  used  in  the 
siphon. 

The  Oas-battery.  —  The  ^pieal  gas-battery  consi.its  of  an  eleetnv 
lytt',  tw<i  ;^-;iKi-K  v.]i'n:\i  can  aeC  chemically  upon  one  amitlior,  and  two 
platinum  vIi-RtrixU'S  which  are  partly  surrounded  by  the  cIectrolyt«, 
and  partly  by  the  guscs. 

Take  wf  a  simph.'  exampV,  hydrogen  iivnr  wn«  electrode  and 
chlorine  over  tlie  other,  tlie  fU«troIyt«  Iiydnxdilorie  acid,  and  the 
electrodes  platinum.  Hydrogen  and  chlonu<^  will  pass  into  solution 
at  the  two  poles  until  there  is  an  equilibrium  bi-tween  the  force 
driving  these  substances  into  solntion  (soliilion-tensiou),  and  the 
osmotic  pressure  of  the  hydrochloric  acid  solution,  which  acts 
agiunst  Uie  above-named  force.  The  hydrogen  pole  is  negative, 
nnce  the  solution-tension  of  the  hydrogen  is  greater  than  the  osmotic 
pressure  of  the  solution;  the  hydrogen  atoms  becoming  ions  by 
taking  positive  electricity  from  the  platinum  electrode,  which  thus 
becomes  negative.  Exactly  the  opposite  result  is  obtained  at  the 
other  electrode,  chlorine  atoms  becoming  ions  by  taking  negative 
electricity  from  the  eleclrode,  which  llierefoi-e  l>ecomeB  positive. 

Ostwald*  has  Mliown  that  the  theory  of  Kemst  can  be  applied 
aljo  to  tlie  electromotive  force  of  the  gas-battery.  He  hajt  worked 
out  even  a  simpler  case  than  the  one  given  iilKive.  Wi^  wilt  tak<< 
up  first  the  siinplirat  po»!»ible  case,  whei-e  wr  have  Uie  same  gsis,  «ay 
hydrogen,  over  both  electrodes,  the  hydrogen  upon  the  two  sides 
being  at  different  pressures. 

The  action  of  such  an  arrangement  would  be,  as  Ostwald  shows, 


I  Zfchr.ph'jf.  Chrm.  19.  387  (1809). 
)  LtArb.  d.  Mtg.  Chm.  II,  p.  6«. 
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to  vquftlixe  the  pressure  of  the  gas  on  the  two  sides  of  the  oelL 
Hydrogen  must  pass  into  soliitioo  as  ions  upon  the  side  where  it 
is  luidtT  the  greater  piesiiure,  and  ions  of  hydrogen  must  separate 
as  gas  upon  the  other  side  of  the  oelL  Upon  the  side  where  hydro- 
gen atouiii  are  becoming  ious,  they  take  positive  electrioity  from  tlie 
electrode,  which  l>eooiues  negative,  and  the  otli«r  electnxle  jKxtitive, 
becauiie  jtosilive  hydrogen  tons  are  giviug  their  charges  up  to  it 
We  linve  here  an  analogue  of  the  oonc^-nlriition  cltrnient,  an<I  the 
elcctmniiitivL'  force  can  be  calculated  in  a  similar  manner. 

T)i(!  electromotive  force  of  this  element  also  is  the  diflereiic«  in 
the  potential  upon  the  two  sidex :  — 


vet      p,      ve,       p, 


where  P  ia  the  solution-tendon  of  hydrogen,  and  }>,  and  p^  the  press- 
ures of  the  hydrogen  gas  upon  the  two  sides.  The  solntion-tensiou, 
being  the  same  upon  both  sides  of  the  cell,  disappears  as  in  the 
concentration  element,  and  then  we  have  — 

0.(H)02  T 


-1 

on,     1 


»  =  ■ 


log^ 
Pt 


Since  for  the  hydrogen  molecule,  v  =  2,  we  have  — 

T  =  0.0290  log  ^ 
Pt 

0»twald '  ba.1  also  calculated  the  oleHroniotive  force  f»r  a  gas- 
battery  eonsiming  of  two  ga.<t«a.  But  ax  this  has  been  worked  out 
much  more  fully  by  Sinalt^,'  we  will  turn  tu  his  work. 

Take  the  oiise  of  oxygen  itl  one  ^x'li^  aud  hydrogen  at  the  other. 

Let  7*1  U^  the  solution-tension  of  hydrogou. 

Let  P,  bo  the  solution-tensioD  of  oxygen. 

Lot  T  be  the  absolute  temperature. 

Xlie  potential  at  the  hydrogen  pole  is  — 


'  Loe.  ett. 


ir,  =  O.MOa  T  log  — '. 
Pi 

Since  the  solution.ten8ion  of  oxygen  is  n^sttr^  — 
,r,  =  0.0002riog^; 

ir,-ir,  =  w  =  0.0002  riog^-0,n002  Tlng^; 

P\  '• 

»  =  0.0002  T  log  ^  +0.0002  T  log  —'. 
Pi  Pi 


<  Zttehr.  phyit.  Chfm.  ti,  577.  sikI  16,  &S2. 
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The  theoretical  coci.iequ^iicejK  of  this  e<iuation  are  very  iiiternst- 

ing.     /*,  and  P„  the  »oliitiuu-ten»iuiiii  of  the  ga»(-»,  are  iiiiiijmitlr^it 

'  (A#  iKi/ii/v  and  aincfiitrfttifin  <if  the.  ckiln/li/U  iifl«i  tm  Iht  (itm  aiiiea 

'ofOif  elemnd;  iuiA  /i,  fttiil  ji,  are  piJU^tiuiilly  i,Mii!(taiit  fur  sululiODU  of 

nearly  tlie  SiLiiiu  iligSM^ivtJoii. 

Sniiilc'  luu  tosti-tl  this  puint,  using  sftvuu  acids,  three  bases,  and 
seven  xiilts.  The  imii.-t.inrratious  for  the  sanio  eU'ctiolyto  vary  in 
ino«t  castas  fruiii  O.t  to  U.OOI  normal.  Ito  found  that  the  electro- 
motive fon-c  of  th«  hyiirogen-oxygeu  battery  was  practically  con- 
stant, iiKlcpondcut  of  both  the  nature  aiid  concentiatioa  of  tJio 
electrolytes  used  beneath  the  gases. 

A  few  results  taken  from  the  work  of  Suiale  wil)  bring  out  this 
faet 
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CoTICUmATfoTV    N'lKMAL 

K.yir. 

uc\ 

0.1 

a.wa 

UCl 

0.01 

1.039 

UCI 

0,001 

l.OM 

KOII 

0.1 

1.008 

ROH 

0.01 

LOW 

KOH 

0.001 

1.093 

K1SO4 

0.1 

1.0T4 

K,SOt 

0.01 

i.ua» 

K^. 

0.001 

LOW 

The  resulta  thus  agree  satisfactorily  with  the  deduction  from 
theory. 

If  instead  of  oxygen  other  gases,  as  chli>rine,  are  used,  the 
el60trotuotivi>  force  ilejxtnds  ujioii  the  conri'ntratiiiii  of  the  electnv 
lyte,  which  also  agrees  with  theory,  as  Is  slmwn  \iy  8iiia!tt. 

Thiji  work  of  Smale  fnrni*hf8  then  uootber  lieautiful  ex[n-n- 
meutal  confirmation  of  the  couswjuonccs  of  that  tlmi)ry,  which  ha.t 
(nnbind  us  to  adonlate  the  electromotive  force  of  coDcentntioD 
elements,  liiiiiid  elements,  ctc^. 

A  number  of  other  types  of  elements  might  bo  taken  up,  and 
their  electromotive  force  calcnlaled  from  the  method  tpf  Nenist, 
which,  as  we  have  already  seen,  is  hased  upon  Van't  lloiTB  laws  of 
osmotic  prcsatire  and  Arrheniiis'  theory  of  electrolytic  <liBsoctat)on. 
This  is,  however,  not  necessary,  since  the  application  to  special 
cases  is  simple  if  the  fundatnenlAl  principles  are  onoe  grasped. 

■  Luc.  fit. 
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UEASUREMENT  OF  DIFFERENCES  OF  POTKSTIAr,  KETWEEN 
METAI^  AND  ELECTROLYTES  -  CALCULATION  OF  THE 
SOLUTIOS-TENSIOS  OF  METAI>S 

IKffcrences  of  Fotential  between  HetaU  and  £lectrol]rtM.  —  It  is 
obvious  from  oiii'  HtuJic^  of  the  ;i<'tiuii  ut'  tliu  |iriiiuii-y  i:i>]l,  tbul  irlicu 
a  laetal  m  imtiiersed  in  a  solutiou  of  otiv  of  its  sails,  ttierv  is  esUbtishnl 
a  differeooe  in  ixtteotial  Ix-twi^cn  the  motal  and  tliv  solution.  Id- 
deed,  ve  bare  neeii  that  this  is  the  chief  source  of  the  clcvtroinoliv); 
force  in  such  elementa.  The  cause  of  this  diETcteiin  in  potvutial 
we  have  li>j.raed  ia,  ou  the  one  hand,  the  solutioii-tnnsioii  of  the 
metal  teudiui;  to  drive  lona  from  the  uietsl  into  ilie  solution,  and  the 
oainotJG  piesfliire  of  the  Rulution  a£tinK  counter  to  thu,  tendint;  to 
(lause  the  c;t1iotis  already  prtoient  In  st^jiarate  on  the  electrode  in  tlie 
niiHalUi;  coiidiliun.  The  result  is  llin  furmation  of  the  Heluiholtx 
douhle  layei-,  am)  a  ditTurttnoo  io  |)oLRuti:il  bntwucn  the  metal  and 
the  Solution.  It  is  very  iteitirahlt:  l»  know  tliv  niiij^ititde  of  (he86 
))Otciili)iI  dirFitren<«s,  and  to  the  nit!iisureiii(?nt  of  such  diRorenoea  m 
slul!  now  turn. 

UeasnremeJit  of  Individual  Dilfereaoea  of  PoteatiaL  —  A  nunilter 
of  in«thorls  bitv*-  boeo  dvvisvd  and  used  for  mesauring  diGTereiuMB 
of  potf-ntial  hntween  inetals  and  solutions.  Kefereuce  otily  can  be 
iiiiidv  lo  that  iovolving  the  use  of  drop-electrodes.'  We  shall  now 
Study  in  some  detail  the  method  involving  the  use  of  the  "nornial 
electrode."  This  method  is  based  upon  the  use  of  an  ohs^trode 
wliosr  potiMitial  is  known.  This  is  connecte<l  with  th«  nh-ctrodc 
whosi-  difference  in  potential  it  is  desiretl  to  nieasiins  and  the 
elrftro motive  force  of  the  whole  determined.  Siiiee  tli«  poteDtial  ■ 
of  the  normal  electrode  h  known,  that  of  tlio  electrode  in  ijuestioQ  I 
is  determined  at  once,  the  electromotive  force  of  the  two  when 
oonibiued  being  the  dltferenue  between  the  potARtials  on  the  two 
sides. 

The  form  of  "normal  electrode"  gs-^d  by  Oslwald  is  shown 
in  Fig.  fly.  The  bottom  of  a  glass  luW  A,  about  8  cm.  high, 
and  y  to  2}  cm.  in  dianx^ter,  i»  oototi^  with  mercurjr.  Or«r 
the  meroury  is  placed  a  layer  of  iiiernirons  cliloridc,  and  the  glass 
vessel  is  then  filled  with  a  normal  solution  nf  potassium  chloride. 
A  [>Utlnum  wire,  Pi,  pasHed  into  a  glass  tube  and  protmding  beyond 
its  end,  dips  into  the  mercury.     This  serves  as  one  electrode.    The 

1  Omwald  :  ZUehr.  phyi.  CArm.  1.  £63  C1SS7) ;  see  alao  Outliitt*  ii/  Eleetrv 

tArminlry,  Jonus  (Elec.  Kuv.  Pub.  Co.). 
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otiier  glass  tube,  f,  psgsing  through  the  trork,  is  Rllvd  also  with  tlio 

normal  sulutioii  of  potassium  t-hloride.     Th«^  ^\svis  tube,  („  at  the  end 

of  the  rubber   tube,  is  iiiHurleti   into  the   liijuiil  whose  polcotiul 

against  a  given  metal  it  is  <iesirod  to  measuri-.     The  metal  serves 

aa  the   secund  electrode.      The  electromotive   force  of  the   whole 

system  is  now  mea^ 

uied.     Knowing   the  J!^^' 

jiotentiai  on  the  one  (^      , 

Bide,  that  on  the  other 

is  obtained  at  once. 

If    th«    liijiiid    in     •fnum 
tba   eleotroile   whose 
patenUal  it  i&  desired 
to  uiea»iire  acts  choni- 

ic-iUy  u[ii)i I  potassium  H_)IL__S*''^'       'l 

eliloridv,  a  solution  of 
some  indilTercnt  sub- 
stance  is   interposed  If^_  Hj. 
between      the     two. 

Thus,  if  we  were  measuring  the  difTeretioe  in  jiotential  between  lead 
and  lead  nitrate,  a  solution  of  somr  neutral  nitrate  (a»  potaasiuin  or 
Bodium)  would  be  interpusMl  in  the  oLreuit.  The  u*e  of  pota-tHium 
chloride  i*  very  d4>3(ira1>le,  sinoe  th«  potaBsium  and  chlorine  tons 
move  with  very  nearly  the  satao  velocity,  and,  therefftte,  any  poten- 
tial (lifTerentie  at  the  contact  of  the  two  eleotrolyt^B  would  lie  very 
small. 

The  potential  of  the  normal  electrode  just  descrilied  is  0.56  volt 
The  metal  is  positive,  the  electrolyte  negative,  which  ineaiis  that 
there  is  a  tendency  for  tlie  mercury  ions  present  to  se|>arat«  from 
the  solution  as  metallic  mercury ;  and  this  tendency  is  expressed  in 
potential  by  0..%  volt 

In  such  measurements  the  potential  of  the  metal  is  ttken  as 
lero,  and  the  electrolyte  expressed  as  either  positive  or  negative. 
The  normal  electrode  just  described  has  then  a  potential  of  —  0.S6 
volt 

By  means  of  this  normal  electrode,  potential  differences  between 
metals  and  electrolytes  can  be  easily  measured. 

Let  us  take  as  an  example,  the  potential  difference  of  magnesium 
against  a  normal  solution  of  magnesium  chloride.  The  "normal 
electrode"  is  connected  wiii  a  vessel  containing  a  normal  solution 
of  magnesium  chloride,  into  which  a  bar  of  magnesium  dips.  The 
electromotive  force  of  this  corabinatioD  was  measured  and  ffiMXi&.'vn 
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^B            be  1.791  volts.     Wo  know  that  the  cluctmiuotiTe  tone,  it,  of  this 
^B            element  u  cxpresaed  thus:  — 

■  .     f^'li''     «^ln'''.                                (1) 

^m                                                                P       e„       Ih 

^B            in  whioh  P  is  tb«  soIiitioa-teBstoD  of  ma^esium,  p  thfl  osmotic 
^H            pres&tire  of  tlie  magnesium  ions  iu  the  solutiun,  2  the  ralence  of 
^H            ini^iesiuiD ;  Pi  tlie  solulion-teiiaiou  of  luercuiy,  aud  ;*,  ibe  oamotio 
^H             pressura  of  tlio  mercury  ions  in  the  solutioD.     We  have  just  seen, 
^m            however,  that,            a^      » 

■  "' Id ''--0.56  volt 

^M            Substituting  in  equation  (1)  we  have —                                         ^^H 
H                                                    1.791  =  ^ln^  +  0.66,                           ^H 

K            or,                               ^la~^  1.231  volts.                                  ^H 

V           But,                            4^1»^=0.029Iog-i                                 ^H 

1             therefotv,                0.0291og-  =  1.231  volu.                                  ^H 

H                                                                                                                        ^^ 
^H             The  diEFcrence  in  potential  between  magnesiuni  and  a  normal  soln- 

^H              tion  of  magnustum  chloridi.'  is,  then,  1.1!31  volts. 

^M                    The  differences  of  potential  betwecin  a  number  of  metals  ^id 

^M             normal  or  saturated  aolutiona  of  their  salts  have  been  measured  by 

^M             Neumann,  working  in  Ostwald's  laboratory.     Th«  following  data 

^M              are  taken  from  the  results  which  he  obtained:  — 

^H                                              MrtAL 

ScirniTC 

Cbmshi*            1 

^H               Ma^nMiiim 

^H               Zina 

H               Nickel 

■               Gold 

Volu. 
+  1.2:51) 
+  1.010 
■1-  OMi 
+  0.tfi3 

■¥Osm 

-OjOIQ 

-oaa 

~  0  Bia 
-0.0U 

-0:074 

Valla                    1 
+  1^1                 ■ 
+  1J)U                ■ 

+  D.AOS            ■ 
+  1X174     ^M 
■f  OjOBT    ^H 
-OjOIA    ^H 

-otm  ^H 

-OMB   ^H 

-0.00G  ^H 

-  \Ma       1 
-ijoee       ■ 

H      ^               < 
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Effect  of  tlui  Nature  of  the  Anion.  —  The  question  m  to  the  effect 
of  tho  anion  on  the  ]Mjii>iitial  l>etween  the  metal  and  tlie  solution 
was  raised  by  Neumauu.  In  inldition  to  ittilpliiiUTS  and  chlorides, 
whith  gave  very  nearly  the  satiie  re»ultif,  he  usud  also  nitiatea  and 
acetates.  The  results  lu  the  hitter  cjisps  wtrre  rerj-  ditForent  from 
those  obtained  with  the  cbloridi;^  and  !iiil[itiatos.  The  discrepancies 
in  the  case  of  the  acetates  may  Iw  accounted  for  iii  part  sta  due  to 
differences  in  the  degree  of  diKsoctiktion  of  thi?  different  salts.  In 
the  v-mti  of  tin;  nitruh^s  the  NO^  ion  uudoiibtedly  has  some  action 
on  tlie  metal  vlcctrodrs.  If,  however,  we  take  all  of  these  possibilities 
into  a4!conn|.,  th«r«  are  still  discrepancies  which  are  not  satisfactorily 
explained. 

To  teat  the  effect  of  the  anion  on  the  potential  diffpri'nce, 
Neninanu '  prepared  twenty-three  salts  of  thallium,  and  studied  tlie 
potential  between  the  metal  and  their  solnlions  at  different  concen- 
trations. These  include  the  thallium  salts  of  seventeen  organic  acids, 
five  inorganic  acids,  and  the  hydroxide.  A  few  of  ins  result*  are 
given  below. 


Silo  or  Tiulubh 

■ 

i« 

■ 

10 

M 

im 

PuV-ntU 

Falanltal 

PolrnElat 

Hydroxide 

0.070 

0,7M 

0.715 

MittntG      .... 

0.fl71 

O-TOM 

0.710 

Formate  .... 

0.(176 

0,7(HO 

0.716 

Acetate    .... 

0.077 

0.7066 

0.7  IS 

UalonBte .... 

0.673 

0.706 

0.7  IS 

Tutnt«  .... 

0.«TT 

0.70.'. 

0.7111 

Benioate  .... 

0.080 

0.706 

0.716G 

I 


These  results  show  that  for  equally  dissociated  substances,  the 
anion  is  without  influence  as  far  as  the  salts  of  thallium  are  coo- 
cerued. 

Calculation  of  the  Solntiontensioii  of  Hetali.  — The  difference  in 
potential  iielneeu  a  metal  iiud  tho  solution  of  the  electrolyte  in  which 
it  is  immersed  is  due,  as  we  Iiave  seen,  to  tho  solntion-tensioii  of  the 
metal,  and  to  the  oainotic  pressure  of  the  cations  in  the  solution.  If 
we  know  the  ralue  of  tliis  ]>otential  diffei«Dc«  and  of  the  osmotic 
pre«sure  of  the  cations  in  the  solution,  it  is  obvious  that  we  can  cal- 
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oulate  the  nolutioii-U^nnion  of  llie  metal.  We  bave  seen  that  tlie 
pot«nlial  (litTereuce,  which  we  will  call  v,  U  expressed  thus:  — 

w  = log  —I 

«,  P 

where  n.  is  the  valence  of  the  cation,  p  the  osmotic  pressure  of  the 
catiuDS  in  the  solution,  and  P  the  solution-tensioD  of  the  metal.  If 
ir  and  p  aie  known,  P  can  he  calculated  at  once.    Thus :  — 


'"«^=(nfe+ '««''■ 


The  solution-ttoisionH  of  some  of  the  more  common  mvtals  calcu- 
lated from  tliis  cjutittOD,  using  tho  values  of  ras  found  \>y  Ncumanu, 
are  givt^n  in  the  following  tsiblp.  The  vahics  of  »  for  the  clilorides 
are  used  whenever  they  were  dctermintid;  when  this  is  not  avail, 
able,  the  value  for  the  sulpliate  was  used.  The  value  of  the  osniotio 
pressure  of  the  cations  in  the  normal  solutions  is  taken  as  S2  atmos- 
pheres. 

AnnrnBn* 

Maguntiam 10" 

Zinc W« 

Alitmlniiim  10" 

Cfiilitilutn 3  X  10* 

Itwn IC 

CoImH S  X  10» 

Nickel I  X  Ifl* 

Lead U-« 

Mi-roury lO-** 

SUvcr I0-" 

Copper Vf* 

The  Tension  Seriea.  —  When  the  metals  are  arranged  as  abon 

in  the  orik-r  of  their  Kolution-teiisiuntt,  we  liavu  what  is  known  as  the 

tension  peril's.     The  position  of  a  metal  in  the  tension  series,  likd 

its  poiiitioii  in  the  Poiiodic  Systvm,  conditions  many  of  its  properties. 

^Thus,  a  nietnl  anywhere  in  the  series  will  tend  to  precipitate  from 

1  its  salts  any  metal  lower  in  the  serios.     Thus,  it  is  well  known  that 

Au»c  will  precipitat*  copper  from  its  salts,  and  so  on. 

I        A  mctol  at  any  point  in  the  aeries,  when  made  one  pole  of  a 

battery  agrunst  a  metal  tower  in  the  series  as  the  other  polei,  will 

throw  off  ions  into  solution,  and  thus  become  tlie  negative  pole. 

Thus,  snnc  is  the  negative  pole  In  almost  all  elements  in  which  it 

occurs.     The  position  of  an  element  in  the  tension  series  is  thus  a 

matter  of  fundamental  inijjortanpe,  being  very  closely  connected  with 

Vthe  inherent  nature  of  the  metal  itself. 
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Conitancy  of  8olation-t«iuioii.  —  It  was  suppoBod  for  a  time  that 
the  iKiliiti  on -tension  of  a  metal  ia  a  characteristic  constant  for  tlie 
substance.  This  view  was  held  by  Ostwald  and  dPveIo]>ed  in  hig 
Lekrbiich.  On  [wge  8i"2  it  is  stated  that  "  the  value  /',  of  the  elet^ 
trolytic  aoliilion-pressure,  is  a  conslaut  ])ecTiliar  to  the  mt^ta),  whii-Ii 
depeads  u]H>ik  the  tem[ierature  only,  and  generally  iucr«-a«t:s  with 
iiioreasing  t«iii[i«nitiire." 

So  far  as  w«  know  this  holds  for  a  gtren  solvent,  but  docs  not 
apply  to  diffiT(-Tit  solvents.  Junus^  liaa  found  that  tbe  tolution-t«n- 
Bioi)  of  metallic  silver,  wbftn  inmKTscil  in  an  aleoliolic  solution  ol 
silver  nitrate-,  in  only  about  ono-tw^ntieth  of  that  in  an  uqucotia 
solution.  Wp  can,  thcrcfove,  reganl  solution -tension  as  a  constant 
only  foe  any  given  solvent  in  which  the  saUs  of  the  metal  are  dis- 
solved. Indeed,  this  is  what  we  would  expect,  when  we  consider 
that  nearly  every  substance  dissolves  differently  in,  ov  has  a  speeiflo 
solution-tension  toward,  every  solvent.  If  the  subBtanc«a  which 
di&iolve  readily  in  solventa  vary  so  gieatly  from  solvent  to  solrent, 
aa  we  know  they  do,  why  should  not  substances  which  are  only 
slightly  soluble,  sueh  as  the  metals,  show  this  same  difference? 

Kahlenlwrjt '  has  extended  tbe  work  which  was  begun  by  Jonca, 
usioR  a  niimlwr  of  metals  and  (luite  a  number  of  solvents.  He  «on> 
firms  the  above  oouclusion  that  the  solution-tensions  of  metals  vary 
greatly  fiimi  milvi-nt  to  solvent.  Qiiile  recently,  Jones  and  Smith' 
have  nliown  that  the  solittiiin-timaion  of  zinc  in  water  is  10*  times  its 
solittion-ti'nsion  in  ethyl  nli'ciliol. 

Difference  in  Solationtensions  of  Metals.  Chemical  Action  tt  t, 
Distance.  —  Ui-fi-rciKf;  *  hits  a!ri-;iily  Iji'cii  nnule  Ui  tin?  j.^qxT  by  Ost- 
walil  on  "  C'hiiiitcal  Action  at  n  I'i.'rtanc.e.''  UmUir  th.tt  «imi"  head 
b«  dMcrilwB  an  experiment  which  mwst  be  referred  to  here.  Ost- 
watd  begins  his  paper  by  calling  attention  to  the  fact  that  amalga* 
mated  zinc  is  not  diRsolvrd  by  diltitei  ueiils,  but  if  thv  zinc  is 
surrounded  by  a  platinum  wire,  it  is  dissolved  by  the  aetd.  It  is 
not  even  necessary  for  tbe  plalinttm  wire  to  surround  the  zinc,  for  if 
the  wire  touches  the  zinc  at  any  one  point,  solution  will  take  place. 

Oatwald  auRgesta  tliat  the  zinc  and  platinum  wire  be  joined  at 
one  place,  anil  then  the  free  ends  of  both  immersed  in  a  vessel  con* 
taining,  say,  potassium  sulphate.  Let  a  screen  of  aome  porous  ma- 
terial be  plaeed  between  Uiese  free  ends  of  tlie  platinnm  and  zinc. 


■  Zlifhr.  pig:  fki-m.  I«,  MS  (ISM). 
*^oirrn.  TAyr.  CA-n.  S,  nTa(lB89). 
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SO  that  the  salt  solution  around  the  one  is  separated  frnin  that 
kroHRtl  the  other.  He  ttien  asks  the  question,  to  which  in«tal  must 
sulphuric  acid  he  added  iu  order  that  Uie  zinc  may  be  dtSM>lv«d  \>y 
the  Aoiil '/ 

"Tho  <)ii«.-tti»n  seems  at  first  sight  to  be  absurd;  sjuon  in  order 
t]tat  thii  xicic  should  dissolve,  it  appears  to  be  self-evident  that  the 
aeiiil  should  be  added  to  tin;  niie.  If  ure  carry  out  the  eijieriiiirnt, 
we  find  cxxctlj  tJie  reverse  to  hv  trui^.  Thr  ziite  docs  not  dissolvo 
rapidly,  if  acid  is  added  to  the  solution  of  ])(>t.'u«sium  sulphate  around 
tho  zinc.  If,  on  the  contrary,  the  acid  is  added  to  the  solution 
aroimd  tho  platinum,  the  zinc  dissolves  with  a  copious  eririution  of 
hydrogoD  gaa  Tlie  hydrog«-n  appears  on  the  platintim,  as  is  always 
the  case  when  zinc  is  in  combination  with  platinum.  To  dissolve 
the  zinc  under  the  conditions  described,  the  solvents  must  not  be 
allowed  to  act  on  the  metal  to  be  dissolved,  but  on  the  platinum 
which  is  in  contact  with  tlie  zinc" 

A  nuiuher  of  other  cases  are  cited. 

Zinc  in  sodium  chloride  behaves  in  the  same  manner  when  hydro- 
chloric acid  is  added  to  Uie  platitiuut.  f'ltduiium  alM>  belmves  like 
zino.  Tin,  surrounded  by  sodium  chloride,  dissolves  when  hydro- 
ehloric  acid  is  addt-d  to  tJie  platinum.  Aluminium  bfhuv^-a  like  tin. 
Silver  connected  with  platinum  dissolves  iu  i^iilphuHc  acid  when  a 
few  drops  i>r  chromic  acid  are  added  to  the  platinum,  tiold  dis- 
solves in  srKliuni  chloride,  if  chlurin«  is  brought  iu  oontaot  with  the 
platinum. 

Experiment  to  demonstrate  Chemical  Action  at  a  Distance.  —  Fill 
a  bcakcr  willi  a  s'lliition  of  ptjUnssium  sulphate.  Triki-  n  picc«  of 
glass  tubing  about  tO  cm.  long  and  3  cm.  wide,  and  clo»e  tht*  lower 
end  with  vcg«tabic  parchment.  Fit  a  bar  of  jinre  wnc,  aiNHit  10  cm. 
long,  tightly  into  a  cork  which  just  closes  tlic  ttip  of  this  glass  tube. 
Fill  the  glass  tube  with  some  of  the  same  solution  of  potassium 
sulphate,  and  insert  the  bar  of  zinc  —  the  cork  closing  the  top  of  the 
glass  tube.  ,\round  the  lop  of  Mm  zinc  bar  above  the  cnrk  wrap  a 
piece  of  platiiuitn  wins  of  sufliHent  length  to  reach  nearly  to  tite 
bottom  of  the  beaker,  when  tlie  glass  tulie  is  introduwd  into  the 
beaker  iu  the  munner  to  be  described  hereafter.  Tlie  frve  end  of 
t)te  phitiniim  wire  should  be  coiled  upon  itself  ;i  numlier  of  times,  or 
it  is  better  if  it  is  connected  ivilh  a  piece  of  platinum  foil  a  few 
cootimctrcs  square,  so  as  to  expose  a  lar>.-er  .surfaoc. 

Tho  glass  tube  is  now  immersed  In  tlin  U'tiker  until  Ute  surface 
of  the  solution  in  the  tube  is  only  a  centimetre  or  two  above  the 
surface  of  the  solution  in  the  h^^er,  the  free  end  of  the  platinum 
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wird,  or  th«  platinum  foil,  t>ping  allowed  to  r«st  od  tliv  bottom  of 
the  beaker. 

If  a  f«w  drops  of  sulphuric  acid  are  introduced  into  the  potassium 
sulphate  just  around  the  bar  of  zinc,  the  zinc  will  be  very  nliglitl; 
aSected.  liut  if  a  fuw  di'0]is  of  sulphuric  acid  are  poured  upon  the 
coiled  end  of  the  platinum  wire,  or  upon  the  platinum  foil,  Uie  zino 
will  diKSoIvc  rapidly  iu  the  neutral  potassium  sulphate  which  sun 
rounds  it,  and  a  copious  evolution  of  hydrogen  will  take  placti  from 
the  platiuum,  where  it  is  iu  couta^'t  with  ihe  sulphuric  acid.  After 
ft  few  momenta  tlie  prexenct!  of  zitic  cjui  In-  ih^miiuKt ratted  in  the  inner 
tube,  by  any  of  the  well-known  reaction.-«  fur  zinc. 

As  Oatwald  status,  similar  pht-numeua  Iiut<!  long  been  known. 
More  tliau  forty  years  ajjn  Thmtiscn '  (li'siTilied  a  intlvtinic  elnncnt, 
which  consists  of  cop[K-r  in  dilute  oulphuriv  acid,  and  carbon  in  a 
cliTOmnte  Biixturc.  When  the  carbon  and  copiwr  wcm  connected, 
tbt  metal  dissolved  as  the  sulphate  in  sulphuric  acid,  in  which 
copper  aloiiv  is  not  soluble,  llecquerel,'  observed  a  similar  phe- 
nomeuoD  in  the  case  of  the  element  Cu-ZDSU,-ZuSO«-Zn.  While 
many  similar  facts  were  known,  there  was  no  rational  explanation 
offered  to  account  for  them  luitil  Arrhenitis  proposed  the  TVteorr/  of 
Pnt  Ion*. 

It  is  almost  self-evident  that  the  phenomenon  is  closely  connected 
with  eledrinal  chanjiit^.t.  Ostwald  demoiiKtrattHi  this  by  introducing 
ht^lwci'n  Uii-  melal  and  tJif  platinum  a  fairly  sen.iilive  nalvanoscope. 
When  the  arid  wjts  a<ldcd  to  the  plaliuum,  the  presence  of  a  current 
was  shown  by  the  throw  of  tlic  iustruniont. 

The  explanation  of  this  pln'iiomcnoii  is  perfectly  (tinipV,  now 
that  we  have  the  theory  of  electrolytic  dissociation  and  arc  familiar 
with  its  application  to  ttie  primary  coll. 

When  metallic  zinc  is  immersed  in  a  solution  of  a  noutnd  salt, 
like  potassium  sulphate,  it  sends,  in  consetpicncc  of  it»  own  solution- 
tonsipn,  a  certain  number  of  r.luc  ions  into  the  solution.  The  zinc 
is  thus  made  negative,  and  the  sniutiou.  which  has  received  the  posi- 
tive iona.  positive.  This  continues  until  a  definite  diScmiM  in 
potential  between  metal  and  solution  is  estaWished.  The  amount  of 
metal  required  to  effect  this  condition  is,  as  wit  liave  seen,  so  small 
that  it  cannot  be  delwted  by  any  ehemical  means. 

The  zinc  cannot  dissolve  further,  because  of  thn  excess  of  positive 
ions  in  tlie  solution.  In  order  that  more  linc  may  pa.ss  into  solution, 
some  of  these  positive  ioas  must  be  removed.     If  the  zinc  is  in  con- 
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bin»tion  witti  anotbor  ii)«tal,  suob  aa  platinum,  th«  latter  takes  the 
siimv  ii'tgutivi;  cliarjjf^  as  the  xmv.  When  ike  platinum  is  iintueriiei] 
in  Ihi-  solutiun,  it  »ttraclft  tlm  axixaa  of  positJre  iouh  Id  the  solutiou, 
and  thc^e  ciiUi^^t  ujioii  the  pliittuuin. 

We  would  t!X|M>ct  tiie  exc.em  of  positive  ions  in  the  solution  to 
give  up  their  chnrg^  to  thr  nefcative  plfttiinim,  and  separate  from  the 
solution,  or,  in  civsr  of  jiotasHiunt  ilwotiipose  Uie  water  wbioh  is 
present.  This  depends  both  ujiou  tlie  nature  of  the  iou  and  of  tbe 
electrode,  [f  thp  positive  ion  iti  tji«  potiuHiiim  of  pocajwium  sul- 
phate, the  difftTCiice  in  jMrti'iitiiil  pnviuoed  by  intj'odueing  the  line 
is  not  sufficient  to  cause  this  iou  to  Inw^  its  char^  to  Uie  platinum. 
If  sulphuric  acid  is  added  to  the  platinum,  the  dilTereiiee  in  |>oten- 
tial  producpil  by  introducing  the  bar  of  rine,  is  snlTwii'nt  to  coniiicl 
the  hyilro^n  to  give  up  its  positive!  elinr^  to  the  platinum,  and 
separate  as  ordinary  hydrogen.  The  platinum,  having  r<%eivcd 
positive  cilpctricity  from  the  hydrogen  ions,  conducts  this  over  to  tfao 
rinc  The  zinc  becomes  less  negative  than  before  the  hydroipin  ^ 
separated  at  the  platinum,  and  the  dilTerence  in  potcnliarf between 
the  line  and  the  surrounding  solution  is  less  than  before.  More 
dnc  dissolves  or  passes  over  into  ions,  more  hydrogen  ions  give  up 
their  chari;'e  to  the  platinuiD  and  separate  as  t;as;  and  this  oontinues 
until  all  (if  the  zinc  has  dissolved,  or  all  of  the  hydrogen  ions  ha< 
aeparatt^d  as  fput. 

As  Ottwaltl  obAerven,  ihisi  explanation  shows  not  only  why 
at'iil  must  lie  added  tci  llu?  plutinura  and  not  to  the  nnc,  but  Uirows 
light  also  on  the  pniht«m  of  the  solution  of  metals  in  Kenenil.  A 
word  or  two  on  this  nubjeet.  It  hiM  Uuig  b<H'n  known  thai  pire  ztne 
docs  nut  diit!((ilve  in  acids,  while  inipurn  zinc  n-adily  dis^olros.  It 
is  quite  evident  that  the  jtinc  in  the  two  cases  hns  tbe  oune  tendency 
to  dissolve,  I'ure  sr.inc  dissolves  readily  when  in  contact  with  a 
metal,  such  as  platinum,  which  has  a  small  solution-tension.  As  we 
have  seen  from  the  foregoing  explanation,  the  diiFerenee  is  not  in 
the  solution  of  the  zinc,  but  in  the  ease  u't;h  which  the  hydrogen 
can  escape  fiom  the  solution.  The  presence  of  a  netal  with  suall 
solution-tension  allows  this  to  take  place  more  readily,  and  this  is 
the  reason  that  impure  zinc  dissolves  in  acids. 

The  reason  why  pure  zinc  does  not  dissolve  in  acids  is  1>e<!au«e 
this  metal  has  n  strong'  positive  solution-tenxion :  it  sends  ))n«itiv«ly 
charged  ions  into  solution  nnder  a  high  siihilian-trtnsion,  and,  ther«> 
fore,  opposes  the  separation  of  any  nther  potfitive  inn,  like  hydri^n, 
upon  it  Pure  r'ntc,  therefore,  docs  not  dissolve  in  acidH,  bet-ause 
the  hydrogen  ious  cannot  give  up  their  prisilive  charges  and  escape. 
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When  a  mHal  like  platinum,  whiob  baa  s  small  solution-leuaion, 
is  present,  the  hydrogen  can  easily  give  up  its  charge  to  this  ntetal 
and  escape  as  gas.  The  ainc,  because  of  it«  high  solution-tension, 
and  because  the  hydrogen  callous  can  so  easily  escape,  then  dis- 
solves. 

To  repeat  the  essential  st«ps  in  the  explanation  or  th<!  experi- 
ment described  above:  Pure  zinc  immersed  in  putussiuoi  (or  any 
soluble)  sulphate,  to  wbicb  Hulphuriu  acid  ut  added,  or  in  a  Kulutioa 
of  pure  sulphuric  acid  itself,  duea  not  diasuLve  because  the  zinc  has 
such  a  high  solutiou-teniiion  tliat  th«  hydrogeu  ions  c-auuot  give  up 
their  ohari^e  to  it  and  cHcajie.  The  zinir,  however,  tlirows  a  few  ion* 
into  solution  and  beoomns  nvgutively  chargv<l.  If  now  the  xinc  is 
eonueoted  with  pluLiniitn,  which  has  a  small  Hi>liition-t«-i)sioii,  and 
the  acid  lulded  to  th«  platinum,  the  hydrogen  ions  can  easily  give  up 
Uieir  charge  to  the  platintun  and  escape  as  gas.  Thu  platinum, 
wbiith  wa.-<  at  the  potential  of  the  zinc  with  which  it  is  in  combina- 
tion, now  b<^coniCs  positive  with  respect  to  the  zinc,  and  a  positive 
charg«  therefore  flows  from  the  platinum  to  the  zioo.  The  xinc, 
having  received  [jositive  electricity,  can  begin  dtssDlnng  anew,  and 
continue  to  pass  into  solution  as  long  aa  it  receives  positive  ele6> 
tricity  from  the  platinttm  —  as  lon^;,  therefore,  as  there  are  any 
hydrogen  ions  in  the  solution  to  furnish  positive  electricity  to  the 
platinum.  Or,  a.^  we  are  acciLHtomed  to  express  tt,  as  long  as  tliere 
is  any  acid  in  euntad  with  the  platinum. 

This  sulijoct  will  be  concludetl  with  a  para);rapli  from  thia  fw- 
cinating  paper  by  0«twald :  "We  see  that  the  umial  exphinattoa, 
that  solution  takes  place  becauM  of  galvanic  currents  between  tb« 
zinc  and  tlie  other  metals,  is  not  in  strict  accord  with  ttic  taevs.  The 
galvanic  currents  are  inseparably  connected  with  tJic  process  of  solu- 
tion, but  they  are  not  the  primary  causes  of  the  solution.  They  are 
set  up,  rather,  by  the  process  of  solution,  which  tltey  roust  neces- 
sarily accompany  since  solution  is  a  question  of  ion  formation  and 
disappearance.  If  it  is  possible  for  the  positive  ions  present  to 
aeparate  in  any  way  from  the  solvent,  solution  takes  place." 


P 


ELECTROLYSIS  AND  POLARIZATIOIf 


Passa^  of  Eleotrioity  throngfa  Electrolytes.  —  Wlien  the  two  eleo- 
trodea  of  a  battery,  or  of  any  other  source  of  eleetrifity,  are  placed 
in  a  solution  of  an  eleetrolyt'e,  the  current  Hows  thmuKh  the  solution 
from  one  electrode  to  tin  other.     Jduvh  confusion  luu  existed  in  the 
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lUuning  of  them  rloctrodos.  If  wc  rvfci  to  them  u  pusitiTC  and  ncga- 
tire,  this  is  atnbi^ous.  If  wo  namo  tiiein  in  terms  of  tlic  direction 
of  the  flow  of  currcQty  we  must  specify  whctber  we  mean  the  dowon 
the  outside  or  on  the  inside  of  the  cell.  The  best  method  ia  to  call 
that  electrode  the  cathode  toward  which  the  current  flows  in  the  cell, 
and  the  other  eletrtrode  the  anode. 

The  current  can  pass  through  solutions  of  electtolrtes.  as  we  have 
seeu,  in  only  one  maouer;  i.f.  by  a  siuultaoeous  movement  of  the 
ions  iu  tlie  sotuticm  —  the  cations  carryiii);  tlte  positive  eharge  toward 
the  cathod(>,  the  onions  the  n«gati\'e  charge  toward  the  anodtt.  These 
ions  give  up  their  charges  to  the  respective  electrudt^  or  yiole*,  and 
tliuii  become  atonis  or  groujis  of  atoms.  Tlie*e  may  Uien  separate 
from  the  solution,  or  secundury  rc»ctioii«  may  take  place.  Thin  pro- 
cess is  known  ;i-^  flirlrv(tiiii'*. 

The  actual  prmi-ss  at  the  poles  nifty  Iw  qnite  different,  in  manj 
cases,  from  wli»t  was  for  a  long  time  supposed ;  but  Uits  will  be  coo- 
tidercil  a  little  later. 

Products  i>f  Electrolysis,  — ^\^cn  the  ions  give  up  their  charges 
to  tliu  electrodes,  thi  y  irtuy  be  capable  of  an  independent  existence^ 
or  they  may  not,  depending  upon  their  nature.  Many  cations,  such 
OS  some  of  the  metala,  are  capable  of  such  an  existence,  while  very 
few  anions  can  exist  as  such,  after  they  give  np  their  n^adve  charge. 
In  the  latter  case  they  may  deconi  pose  into  entirely  new  products,  or 
may  react  with  some  other  subsUance  present  and  give  rise  to  second- 
ary products.  We  must  diatinguisb,  then,  between  prltnary  and  se» 
ojvlarij  produota  of  eleetrolysia. 

The  primary  products  of  electrolysis  are  tlie  metals,  which  s«pa> 
rata  aa  auah  from  the  solutions  of  ttieir  salts;  also  otlier  elrments 
which  scpamte  as  riiieh,  fjj.  hydrogen,  chlorine,  eto.  Thv  attempt 
which  ha.^  been  made  to  place  tJiese  »nhsUnccs  amonff  the  Mcondai; 
products,  because  the  atoms  polymerize  to  form  molecules,  and  thns 
separating  them  from  the  metals  which  are  primary  products,  does 
not  seem  to  be  well  founded.  It  is,  of  course,  true  that  two  hydro- 
gen  ati>ma,  two  chlorine  atoms,  etc..  unite  to  fonn  a  molecnle,  but  doe* 
Wiy  one  suppose  that  the  niali^ule  of  a  metal  in  thA  solid  state  is 
identical  with  the  atom  ?  The  fact  that  tlie  molecule  of  many  met 
•Is  is  identical  with  the  atom  when  the  mrtal  ia  diit-sotvcd  in  me^ 
cory,  which  vin  have  seen  to  l>e  true,  ia  no  argument  that  such  is  tile 
case  ill  the  i>uro  metal.  The  metallic  atoms  ]>ro1mbly  polymerize  as 
much  or  more  than  the  chlorine  atoms. 

Thii  Bwrondary  products  of  electrolysis  may  be  formed  in  at  leut 
four  ways :  — 
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(1)  The  ions  may  react  with  the  water  present  as  solvent 
p!)  Tliey  may  react  with  more  of  the  electrolyte. 

(3)  They  may  react  v/Mi  the  electiotles. 

(4)  They  may  decom|Joen!  into  eiilin'ly  new  proiluols. 

Polarizstion.  —  If  a  current  is  ih-Lsited  through  an  clement  contain- 
ing oietul  eleclroilea  surrounded  by  ^altt  of  tb«  siLinc  iiictul,  tbo  oleo- 
trodvs  are  uot  cliaiiged,  and  tli<A  tiohitiuns  around  tlic  cU'ctrodca  an 
not  changed  «»seiitially,  althiiii);h  they  do  unilorgo  xlight  chan^'es  in 
roncrnt ration.  The  difFen-nco  in  imtvntittl  bt-twccn  the  electrode 
and  the  BiimHiiiding  solution  ruuiains.thcrcforp,  practically  constant, 
and  Buch  clwtrcides  arc  termed  jton^mlaraable. 

]f,  on  the  otiicr  hand,  either  the  electrode  or  the  electrolyte  ta 
chan){ed  appreciably  by  the  passage  of  tbo  current,  the  diJfereuce  in 
poteutial  between  the  two  docs  not  remain  constant,  but  changes  with 
the  passage  of  tlie  current.  Such  electrodes  are  termed  polariialiUf. 
When  sucb  a  change  is  effected,  it  always  takes  phico  in  the  sense  to 
oppose  the  passage  of  the  current  If  two  polarixable  electrodes, 
through  which  a  current  has  lieen  passing  for  a  time,  are  clomi  io 
circuit,  a  current  will  set  up  in  the  direction  opposite  to  tliat  which 
effected  tlie  polarization.  Tliis  is  known  as  the  polarization  current, 
and  its  electroiuottvc  force  tlie  electromotive  force  of  )>olari»ition. 
A  quantitative  study  of  {Htlari/ation  currents  will  show  tliat  they 
gratbiiilly  )^ow  wi';tl(cr  and  wmtki-r 

Method  of  Keosuring  PoUrtiation.  —  When  a  current  passes 
through  uu  <'l«lr(iiyt,e  ihi-ii;  is  i-lcit rolysis,  and  consequently  polari- 
zation at  both  poles.  'I'tio  clcctrmuotive  force  of  polaiizalion  is, 
therefore,  made  up  of  two  difFcrences  in  potential  between  metals 
and  electrolytes,  In  measuring  polarization  we  must  measure  the 
poteutial  at  each  electrode.  A  method  has  been  devised  for  this  pur> 
pose  by  I'uchs.'  Tbo  following  modification  of  this  method  wa»  used 
by  Jje  Blanc* 

The  electrolyte  whose  polarization  it  is  desired  to  study  is  intro- 
(into  the  tutw  T  (Pig.  53).  Two  electrodes  connected  witli  th« 
bt  A',  which  furnishes  tbe  )x>larixiDg  current,  are  introduced  as 
sliown  in  the  figure.  To  meaHure  the  potential  at  either  electrode, 
we  <-onnei't  this  electrode  with  a  normal  electrode.  To  measure  the 
poteiitiul  at  b,  the  arm  of  tlic  normal  electrode  n  is  connected  with 
the  eWtrolytn  in  c,  and  the  win  from  the  normal  electrode  con- 
nected with  A  through  the  arrangnnent  for  measnring  electromotive 


■  rbjfi;. -Jnn.15*.  1S6  (187»). 

'ZMkr.  fhta.  «<«..»,  MX)  (1801);  W,  3K  (18fl3) ;  18,  163  (1«M>. 
2it 
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foroe.    The  electromodTe  force  of  this  element  is  then  meA8ur«d. ' 
Knowing  the  potenU&l  of  the  nomial  electrode  and  the  [loKmtial  at 
Ute  contact  of  the  two  electrolyten  in  r,  we  know  the  potenliitl  at  th« 


Fid.  33. 

eleotrode  b.    The  potential  at  the  electioile  a  c&n  be  measured  In  a 
simikr  manner. 

Baiulta  of  the  Heasurement  of  PolarizatioiL  —  If  thit  |N>larizing 
ourreut  ts  at  lirHt  very  weak  and  gradiially  increiutes  in  Htrenf^h,  tli« 
current  of  jiutarbation  wilt  also  iiic-reaae  rapidly  in  ntri'iicth.  After 
the  elttctrotiiDlive  force  of  tliu  polariiLing  current  Itan  Ifeitoiiii^  <(iiile 
large,  tlie  electromotive  force  of  Uio  uurrent  of  |Kilikriz»tioii  will  in- 
crouse  as  thu  former  increases,  but  more  and  inyr«  alowl}-.  Tht-re  is, 
therefore,  nn  nuuimant  of  i>olari»ilioii  atUioAblv.  It  is  tlifficult  to 
gaj-  how  Iiiich  an  rliH:troin»li  vu  fonro  wf  jMlaHxation  can  be  r^olixed. 
Strcintv.'  bus  dottcribed  an  anode  polarization  of  iicreiit«in  volts. 

Lo  HIanc '  has  niOKsurfd  the  elertromotive  force  which  is  reriuired 
in  ordc^r  that  a  rontlnuous  steady  current  may  be  pa&sed  (hrouKh  an 
filectrolytv  so  as  to  etTcct  st  continuous  decomposition.  Ho  found  tliai 
for  a  given  substance  under  given  conditions  this  had  a  definite  viilue. 
This  be  termed  the  Dteompoaition  Value  of  the  substance. 

If  the  electromotive  forc«  of  the  current  used  is  smaller  than  the 
"  decomposition  value  "  of  the  substance  in  question,  a  tlirow  of  the 
galvanometer  will  manifest  itself;  but  the  instrument  will  soon 
return  to  its  orig:inaI  position,  showing  tbat  there  is  only  an  instan- 
taneous passage  of  the  ouri-ent  through  the  electrolyte.  Th4s  "de- 
composition valu^"  of  electrolytes  have  been  shown  to  be  ver; 
interesting  as  throwing  light  on  the  nature  of  electivilysis  itself.  The 
"  values  "  for  normal  solutions  of  a  few  acids,  bases,  and  salts,  takra 
from  the  jiaper  by  Le  Blanc,*  will,  therefore,  be  given. 


)  WUd.  Ann.n.  110(1887).  *  ZUtchr.  phfa.  Oiem.  ».SOS(lBtl) 

*  Ibid.,  p.  316  (IS&l). 
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AC!D8 

Sulphuric  luiiil  =  1.67  volt« 

Nitric  ftciil  =  l.(i9  volts 

Fhosphoric  acid  =  l.TU  vults 

HoDocliloru'otic  acid  =  1.72  volts 
IMctiloi-ai'utic  acid       =  1.66  volta 


M-ilunio  acid  =  1.69  volt* 

Hj-drofMpric  «cid  =  1-31  volts 
Triazuiv  acid  =  1.29  volts 

Oxalic  acid  s  0.90  volta 


llA.tKa 
Sodium  hj'drozi<l«        =  1.69  volt« 
Potassium  liydroxide   =  1.67  volts 
Ammoaiuiu  hydroxide  =  1.74  volta 


Salts 


Itai-ium  nitrate  =  2.25  volts 
Stroutiuin  nitrato  =  2.2&  volts 
Calcium  nitrate  =2.11  volts 
Potassium  Qitrate  — 2.17  volta 
Sodium  niti'atc      =  2.15  volts 


Dariiun  chloride  =  l.fl9  volts 
StroiitiiuQ  ch1oi'ide=2,01  volt* 
Calcium  rhloride  =  1.89  volts 
Potassium  chlui'idc=1.96  volts 
Sodium  chloride      =  1,98  volta 


If  wc  examine  the  results  for  the  aeidii  ftcid  biisM,  wo  sec  that  the 
" decwDiiHWilioii  values"  do  not  exceed  1.75  volts,  and  that  thrae 
values  fur  miiny  subxtanccs  arc  about  1.7  volts.  In  tlio  case  of  salts 
of  metals  wliifli  dccotupcwr  water,  tiic  "iIwomiioBition  values"  an 
practically  constant  for  the  salts  of  a  given  at-id,  as  the  nilmtcs, 
chlorides,  etc.  The  explanation  of  th«se  results  has  been  furnished 
by  Le  lllanc. 

Primary  Decomposition  of  Water  in  Electrolysis,  —  When  solo- 
tions  of  Balls,  aciJs,  and  baji'^a  are  cicctroly/cit,  wc  obluin  hydrogen 
or  8  metal  at  the  cathode,  and  oxygen  at  the  anode,  if  the  metal 
of  the  salt  is  cajiable  of  deconiposiiif;  water,  wc  obtain  hydrogen  at 
the  cathode;  if  il  is  not,  the  iiielal  itself  mill  separate  at  the  cathode. 
How  are  Uiese  facta  to  be  explained  ?  The  explnnatiuit  irhioh  baa 
been  aocepttsl  for  a  long  time  is  aa  follows :  Take  the  c&se  of  pota^ 
num  sulphate;   it  disauciates  into  Uie  catiou   potaiisiuni  and  the 

aaioD  SO^  The  pota.HHitim  moves  over  to  the  cathode  and  gives  up 
ita  diArge  to  tliia  electrode.    The  metallic  potaHsium  acts  upon  water, 

fonuini;  potassium  hydroxide,  and  liberates  hydrogcD.  The  80, 
anion  moves  over  to  the  anode  and  gives  up  its  charge,  but  it  cannot 
esoape  from  the  solution.  It  acta  upon  water,  forming  sulphuric 
add,  and  lil^rates  oxygen  at  thia  electrode.    The  decomposition  of 
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Uie  wat«r  ia  tkeii  not  a  primarx  result  of  ekclrolysis,  but 
ooiliiry  iti^t. 

Tlii.t  view  of  electrolysis  baa  novr  been  fiindaineutall;  clianged, 
esiH'iiiilly  by  Uie  work  of  Le  Itlano  on  tJie  "deioiuiwsition  values" 
of  elet'iiolylfs.  The  view  which  is  aiipporled  by  Uicse  facts  U  ihat 
the  ileconipoitilioii  of  water  is  a  priuKuy  ad  uf  eitetroliftit.  Water  U 
dissociated  very  sH}ihlly  into  hydrogeu  ious  aud  hydroxyl  ions, 
a»  18  »h«wii  by  inajty  experiments,  but  eH|iei-ia))y  by  the  small 
conductivity  of  l,tie  purest  water.  Wheu  a  solution  of  potassium 
suliihate  is  electrolysed,  the  potassium  calioiis  canyiujf  the  iiositive 
charge  move  over  to  the  catliode.  They  do  not  give  up  their  ponitive 
eharge  to  Uio  eleetrode;  but  the  Iiydrofi^ii  ii>iis  of  the  water  already 
present  give  up  their  eharife  to  the  electrudi;  ami  i'eiiarate  as  ifaseoi 
byilr(}gi*u.  This  le-.ivejs  in  the  solulioii  an  efjual  nuinlKT  of  Itydrox, 
jiAniuiis,  whioh  with  t!ie  polassitiin  editions  form  potjisstuin  hydro: 

Siiiiihirly,  the  S(l,  aiiiniis  luove  over  to  tin;  ainHlo,  but  tlie-y  do 
give  up  their  ch.irKP  to  i.liia  i-lei'trmle-     The  hydroxyl  anions  of  ths 
water  give  tip  tht-ir  tiet;ative  cliitigi-s,  fonn  wut*r  and  oxygen,  and 
leave  behiuil  im  tiipial  number  of  hydrogeu  rations,  which,  with  the 

80,  anions,  form  siilphiirie  acid.  This  vxpliuiot.ioii  of  th«  ptivnonMiaa 
BtK  the  fact*  as  well  as  tlio  older  theory.  Wliy  should  we  reject 
tlio  oldi-r  and  aceep!  ihe  newer  virw? 

Evidenoe  for  the  Primary  Decompoiition  of  Water  in  Electrolysis. 
—  We  shall  not.  atU^npf.  Ui  liikf  iqi  all  the  cvidrni.'!- '  Ix'anng  upon 
tills  tliBoiy,  but  a  frw  fundiinienljil  facts  will  bi'  considered. 

If  in  tenos  of  the  old  theory  the  cation  —  say  potassium — moves 
over  to  the  cathode  and  gives  up  its  charge,  and  the  metal  then  arts 
upon  water  forming  ])0Uu8ium  hydroxide  and  hydi-ogen  gas,  ibe_ 
atomic  potas-iiinn  must  take  the  positive  charge  from  the  hydri 
ion.     If  the  potassium  is  able  to  take  Die  chiirgo  from  the  hydroi 
ion,  it  must  have  a  greater  power  of  holding  the  charge  than  hydro- 
gen has.     As  this  is  the  case,  why  should  potassium  ions  pve  up 
their  charge  to  the  cathode  when  there  are  hydrogeQ  ious  preaeai 
which  hold  their  charge  less  firmly  than  jiotassiuin ? 

The  objection  niii,'lit  be  raised  in  tliis  conuecliou  that  water 
only  aligbily  diasociaied  anil  there  are,  therefore,  oidy  a  f«w  hyd 
gen  ions  present.    These  would  soon  be  used  up  and  Uteu  the  pntM- 
aiuui  ion.*  would  have  to  ^ive  up  their  ehargi-s  in  tertoit  of  the  ol 
theory.     This  objection  has  of  eoiirae  no  foundation  in  fact,  si 


ro- 
up 


■  See  ArrbenttiH :  ZtiKhr.  ptigii.  Ckfiit.  11.  6M,  (ISflS).    he  Blanc :  tbU.  I 
(1SD3).     AIm  OatUHfi  of  Klrar-^chrmMTji,  Jonc*  (Else.  Hex.  I'ak  Cth). 
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waUir  present  will  continue  to  dissociate  as  fast  as  tlift  hydrogen 
ions  arc  used  up.  We  know  from  the  law  of  mass  action  that  the 
condition  which  will  alwavs  ohtain  is,  that  tin;  pRxluot  of  the  iiuiQbcr 
of  hydrogen  ions  and  ttie  number  of  hydroxy!  ioos  present  will  be  A 
constant. 

ITip  evidence  for  tlip  new  tlicory  furnished  by  the  "decompoai. 
tion  values "  of  ^^011013^1*8  must  be  considered.  In  terms  of  tliis 
theory,  the  electrolysis  of  the  aall  of  any  metal  which  decomposeH 
water  is  the  same  as  the  electcolysia  of  the  sail  of  any  other  meUl 
which  decomposes  water,  ainoe  in  all  Ruch  casex  the  hydrogen  and 
oxygen  whioh  separate  are  tlie  primary  prodiioL*  of  eli'itrolyais.  If 
this  ia  true,  tUf.a  the  dt«om])Ositioii  values  or  idectromotive  force)  re- 
quired to  affect  (lontinuouK  «li*(-rrc>ly8is  must  be  the  Komc  for  tht*  salt 

ol  any  acid  with  different  nii-t.;ds  which  dci'omiM.se  wate^.     That 

'neh  is  the  cawt  i«  seen  from  Iho  liil.le  on  jKige  4UI. 

Af^aiii,  take  tlic  acids  and  bswes.  Ackl*  dissotuatn  into  hydronen 
cations  and  anions  which  depend  upon  the  nature  of  the  acid;  and 
bases  dissociate  into  hydrosyl  anions  and  cations  which  depend  ujion 
the  nature  of  the  base.  Take  as  an  exnniplo  sulphuric  iw;id.  In 
terms  of  the  new  theory  of  electrolysis  the  hydrogen  cations  move  to 

the  cathode,  give  up  their  charge  and  separate.  The  anion  SU,  moves 
to  tlie  anode,  the  hydroxyl  ions  from  tho  water  give  up  their  charge, 
form  water  aiid  oxygen  which  escapes ;  an  equal  numl)er  of  hydrogen 
ions  from  the  water  remaining  in  the  solution  and  forming  sulphuric 
acid  with  the  S<),  anion.  There  must,  therefore,  be  a  maximum 
decomposition  value  for  aoids,  which  corresponds  to  the  potential 
required  to  discliarge  hydroReu  ions  on  the  one  liand,  and  hydroiyl 
iona  on  the  other  under  these  conditions.  This  i«  seen  to  be 
about  1.7ir  volts.  If  tlio  actd  yields  an  anion  whoso  discharging 
is  lower  than  that  of  hydroxyl,  its  decom|]ositioa  value  will  bo 
th>>  maximum  1.75  voH«,  and  such  is  tlie  case  with  the 
acids  and  th«  organic  acids.  Biuea  dissociate  into  hydroxyl 
wliich  moves  to  the  anotio  and  gives  up  its  charge,  and  a  cation 
which  moves  to  the  cathode.  The  latter  does  not  discharge  its  posi- 
tive chat^,  since  it  loses  its  charge  with  greater  diflietilty  than  the 
hydtvgen  cations  from  the  dissociated  water  already  present  around 
this  electrode.  The  hydrogen  ions  lose  their  charge  at  this  pole. 
The  electrolysis  of  a  base  is  therefore  tlie  same  as  that  of  an  acid 
like  gutphurie:  hydrogen  ions  di8ohnrgi>d  at  the  cathode,  hydroxy)  at 
the  anode.  The  deoom position  value  of  a  base  muAt  therefore  be 
the  same  as  thai  of  au  acid  like  sulphuric  or  nitrie.     It  mast  be  ihe 
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same  as  the  masimiuu  decoinposiUon  value  of  th«  avid,  and  such  is 
seen  at  once  from  page  -UO  to  be  Uic  case. 

One  further  point  to  make  tlie  mtsoning  from  dccomiiusiticD 
values  oouijilet^.  Acids  aiid  Ikuius  of  the  same  ionic  conc«ntrution 
must  hav»  the  aumti  deconijiiMiitioit  vnJucs,  aa  nu  have  just  seen, 
tAncc  tiic  [irudtivt  of  the  number  of  hjdrogeu  aud  hydroxy!  ions  in 
the  solutions  must,  from  the  law  of  mass  action,  be  a  constant.  It 
is,  however,  ([uite  diRereut  with  a  salt  At  the  cathode  hydrogen  is 
liberated  and  a  base  is  formed,  which  means  an  increase  in  the  num> 
her  of  hydroxy!  ions  around  the  calhiwle,  and,  ahuilirly,  the  form^ 
tion  of  an  acid  around  the  anode  iuorea-w*  Uie  number  of  hydrogan 
ionfl  around  thin  pole.  Since  the  product  of  the  nttniber  of  hydrozyl 
and  hydrogen  ionei  i»  a  (^onMtant,  an  increase  in  the  number  of 
hydroxy!  ions  around  the  cathode  m<-ans  a  decniasc  in  the  number  of 
hydrogen  iuuN  arDiiixl  tliis  i>ote.  And  for  the  same  reason  an  in- 
crease in  tho  HuinUrr  of  hydroji^n  ions  around  the  anode  woald 
diminish  the  numbi'r  of  hydroxy!  ions  around  this  pole.  Both  of 
t}icse  influeuiies  would  tend  to  increase  the  decomposition  value  of 
Uie  comiKiund. 

Here  i4^in  faet  and  tJieory  are  in  perfect  accord.  A  comparison 
of  the  decomposition  values  of  acids  and  bases  with  tho^e  of  aaiUi 
will  show  that  the  latter  arc  considerably  larger  than  the  maximum 
values  for  the  former. 

The  evidence  for  the  primarj'  decomposition  of  vatec  in  electroly- 
sis is  then  complete  as  far  as  the  decomposition  Tatues  for  aeidx, 
bases,  and  salts  are  concerned. 

The  Disohargii^  Potential  of  loai.  Electrolytic  Separadon  of  the 
Uetals.  —  When  a  current  is  passeil  tlirouKh  a  .■*<'ltilion  of  several 
elwtiiilytes,  all  of  the  ions  pn'seul  talo-  piut.  in  ooiiduclinK  the  cur- 
rent. The  amount  of  eun-ent  which  will  be  carrjeil  by  any  kind  of 
ions  will  depend  upon  their  relative  nnmbcrs  and  their  relativa 
velocities.  When  iIia  differetii  kin<ls  of  cations  reach  the  cntbod^ 
or  anions  the  anode,  it  is  not  m-i'essary  that  all  kinds  should  separate 
It  requires  a  certain  difference  in  potential  between  the  electrode 
and  the  electrolyte  to  cause  any  given  ion  to  give  up  its  chai^  to 
the  electrode.  If  the  difference  in  potential  is  below  the  diseharging 
Talue  for  any  ion.  this  ion  will  not  lose  its  charge  and  separate  at 
the  electrode  in  any  quantity.  Every  ion  has  its  own  decomposition 
value,  aud  these  values  differ  very  considerably  for  different  ion*. 

The  fact  that  these  values  are  quite  different  makes  it  possible  to 
effect  an  electrolylic  sejiaratiou  of  many  metals  by  at  first  using  a 
current  of  small  electromotive  force,  which  Till  cause  Uie  element 
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with  lowest  decomposition  value  to  separate,  thnn  inereosiiig  the 
elixttromottTS  force  uutil  th«  ek-mont  witli  next  higher  viilue  wpx* 
rates,  ood  so  od.  Tako  two  ni«taU  A  and  11,  and  tiiix  solutions  of 
their  salts.  Let  th«  decoiDpositiuii  value  of  A  be  cuiitiidfirably  less 
than  that  of  B.  I'asH  a  current  through  the  aoluttoD  containing  the 
mixed  salts.  When  the  electromotive  force  of  the  current  has 
reached  the  decooijiosition  value  of  A,  this  metal  wiU  separate  on  Ihe 
cathode.  The  currt-nt  will  tht-n  w:we  to  flow  continuously  unless 
its  electromotive  force  is  inpreiisi-d  to  tlie  decomposition  value 
of  B.  When  it  has  re:tch<^tl  this  value,  B  will  separate  from  the 
Sohitiou. 

Tilt-  possibility  of  thus  sepatating  metals  by  means  of  currents 
of  different  electromotive  force  was  pointod  out  first  by  Freuden- 
berg.'  In  an  investigation'  in  Ostwald's  JaI>i>ra*rOry,  tarried  out 
with  Le  Blanr-,  Freudenberg  effected  a  number  of  quantitative  scgja- 
rations  of  melals  by  using  different  electromotive  forces.  Thus,  he 
showed  that  mertury  could  lie  separated  from  eopiwr,  bismuth, 
arsenic,  cadmium,  etc. ;  that  copper  could  be  separated  from  cad- 
mium, and  so  on.  The  importanee  of  the  electromotive  force  of  the 
current  oaed  is,  therefore,  very  great  in  effecting  electrolytic  sepanir 
tion  of  the  metals. 

It  has,  however,  l>een  clearly  recognized  that  current  strength  or 
eurreoit  density  *  is  of  fundamental  importance  in  electrolytie  separ^ 
tloBS.  This  conditions  the  number  of  ion.s  which  will  separate  in  a 
gireo  time;  and  if  the  density  is  great  it  does  not  give  time  for 
{ill  the  more  easily  diKchargnl  ions  to  come  over  to  the  pole  by 
diffusion,  etc.,  in  order  to  separate.  Under  such  conditions,  instead 
of  effecting  c<Hnpleto  separations,  only  partial  separations  are 
Bocured. 

It  is  obvious  from  the  above  that  in  all  such  work  we  must  take 
into  account  not  only  current  density,  but  the  electromotive  force  of 
the  current  used. 

Electrosynthesis  of  Organic  Compound*. — The  ions  of  inorganic 
CompiniiKis  .ire  relatively  siinpto  substances.  The  ions  of  orgnaic 
compounds  are  often  very  complex,  sod  after  losing  their  charge  are 
incapable  of  existence.     They  frequently   break   down  luul  yield 

entirely  new  substances.  Take  the  anion  of  acetic  acid,  CHjCOO, 
when  this  reaches  the  anode  it  loses  its  charge,  since  it  holds  it  leM 


I  Bfr.  d.  eiem.  Ottttl.  U.  SIP!  (1B99). 
*  Zffhr.  pkpt.  Oa«>n.  It.  07  (1803). 
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firmlj  than  bydroxj-l,  and  then  breaks  down  in  the  sense  of  th« 
{dtowiug  equation :  — 

2  CH^CO,  =  CH.  -f  2  CO. 

yielding  i  hydrocarboo  and  carbon  dioxide.  The  anion  of  pro^nonic 
acid  bnaks  down  as  follows :  — 

2  (yCcO,  =  C,H,C0OH  +  c,iu 

Pbet*  of  this  kind  have  already  been  utilized  qnit«  exteodvcly  for 
effecting  the  syntbesis  of  organic  compoundH.  An  i>xwniiintion  of 
th«  literature '  will  show  that  a  v«ry  tai^  number  <if  or^nic  ooiq- 
poands  in  tbe  aromatic  aeries,  as  well  as  in  tbc  aliphatic,  have  beea 
made  in  this  way. 

That  acetic  acid  when  electrolyzed  breaks  down  as  shown  in  the 
abore  equation,  yielding  ethane  and  caihon  dioxide,  bad  been  shown 
by  Kolbe'  as  early  as  1847.  Some  nine  years  later  Outhriea' 
showed  the  inactiviiy  of  tbe  ester  group.  These  investigations  were 
the  b*«s  of  the  sy.it«matic  work  of  Cnim-Krowu  and  Walker  *  in  this 
field  in  1891.  They  showed  that  from  the  nionoester  of  a  dilo^o 
acid,  the  ester  of  a  dibasic  acid  richer  in  carbon  eould  be  obtaitted. 
Thus:  — 

2CH.<;:"^,.„  -  i  +2CO.  +  2K. 

The  dicster  of  siicotnic  acid  la  thus  prepared  from  the  monoestet  of 
nalonic  acid. 

Working  with  currents  of  oon«detable  density  in  fairly  concen- 
trated solutions,  tltey  effected  a  number  of  similar  syntheses.  Suberic 
acid  was  prepared  from  jwtassium  ethyl  glutarate,  sebasic  aoid  from 
potassium  ethyl  adipate,  and  so  on.  The  electrical  synthesis  of 
organic  compounds  promises  much  in  the  fulitre. 

BATTERIES   IS  GENERAL  CSE 

Primary  and  Secondary  CetU— This  chapter  on  electrochem- 
istry sliciilil  tint.  l"r  rinsed  witliiHit  brief  reference  to  certain  fornij  of 
tiiitlcrics  wliich  luivc  ewmo  \n\-n  general  use  as  means  of  fuTDishing 
electrical  energy.     The  elements  whose  electiomotire  force  we  hare 

>  Tlie  iriudtni  \*  n'forrcd  In  thU  connncttnn  to  tbe  Rdnirable  tittle  book  tiy 
lA\i  on  KluHmiijiiii  ami  Khrtrnnj/nthrfit.  itanslaM  by  Lorenz. 

*tUl>.  Ann   M.-mnO^S).  liMiLBa,  Gfi  (18S0). 

*76(d  Ml,  107  (1890)  ;  tJi.  II 
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studied  are  constant.  The  primary  cella  which  are  used  in  practice 
do  not  have  couatant  electromotive  force,  and,  therefore,  belong  to 
the  dasa  of  fncoii»tant  elemeiita.  Two  of  these  we  shall  consider. 
The  hichroinate  cell  aud  the  Leclaiich^  cell.  We  shall  tlieu  ref^r 
l)ri«fly  U>  acoiiiiiulatorx  ur  seooudary  hatteties. 

Tlw  Biohroniate  CelL  —  A  form  uf  prlmnry  oh-iiu-nt  qiiit<-  fre- 
qoently  used  in  tlie  lalxiratory  is  known  as  tlie  biclironiHtu  wll, 
The  electrodes  arc  carbon  and  zinc,  and  the  electrolyte  chromic  arid 
(potaasiura  bichromate  and  sulphuric  acid).  Zinc  ions  pass  into 
solution,  consequently  this  is  the  anode.  The  ions  Cr,0,  probably 
yield  a  few  chromium  ions  of  high  valence.  These  pass  over  into 
chromium  ions  of  lower  valence,  and  thus  add  to  the  electromotive 
fiiree  of  the  element  It  is  obvio\is  that  the  electromotive  force  of 
Uii»  element  cannot  remain  constant  for  any  length  of  time,  since 
tlift  Cr,0;  ions  ai-e  continually  decteatinj;  in  number,  the  chromium 
ions  <if  lower  valence  increasing  in  nuiiil>er,  and  the  uuu  ions  are  also 
iocreasinj;  in  niinibi-r. 

The  Leclanch6  Element.'  —  The  poles  of  this  useful  element  arc 
carbon  and  manganese  dioxide,  and  3;ine;  th<^  electrolyte  animonium 
chloride.  The  carbon  and  inangiuicsc  dioxide  are  generally  mixed 
with  eacli  other.     Zinc  ion«  pass  into  solution  and,  consequently,  tliu 

zinc  pole  is  the  an<Klc.  The  ammonium  i<mK  (XH,)  pass  ovi-r  to  the 
cathode,  but  the  hydrogen  ions  iilrerwly  prisent  as  the  result  of  iho 
dissociation  of  water,  loso  their  charge  more  readily  than  ammonium, 
and  consequently  scpariitc  &t  the  cjirbon  cathode.  The  carbon  i>ole 
would  absorb  a  large  amount  of  hydrogen. 

The  MnO,  acts,  as  we  woidd  expect,  as  an  oxidizing  agent.     This 

yields  a  few  Mu  ions,  which  tend  to  |Ktss  over  into  M»,  by  giving  up 
imrt  of  th«ir  charge  to  the  catliodo.  We  have  thus  two  actions  tak- 
ing plaoo  in  tlio  Lcclanchd  element,  but  tlie  cleetiomativo  force 
decriMsi's  bcf;»iitc  the  y'ltif  imis  lu-i-onie  more  and  more  eoiicentmt«<l. 
Acoumnlators  or  Secondary  Batteries.  —  I'rimary  cells  in  which 
electrical  energy  is  generated  directly  from  heat  or  from  chemical 
energy  have  been  largely  replaced  in  recent  times  by  accumulators, 
in  which  electrical  energy  is  converted  into  chemical,  and  this  can 
be  reoonveried  again,  at  will,  into  eleotrioaL  Theoretically,  any 
reversible  element  can  lie  nuule  »n  accumulator  by  passing  a  current 
through  it  Id  tlie  direction  opposite  to  tlial  in  which  the  normal 
current  from  the  element  would  How,  The  aocnmulators  which  an 
used  in  practiee  consist  of  plaU's  of  Ind  covered  with  a  layer  ol  lead 

■Sceobo  Ouit(ue>^a«ctncitmittr$.t7ioit9H,1iiM,  Rov.  Ihib.  Co.). 
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oxide  or  sulphate.  The  vJectroIyU  ia  a  nolution  of  sulphuric  acid,  hav* 
ing  th«  sjieoifi<!  Kravity  1-2.  'Wbeu  a  ourreut  is  passed  through  such 
a  celt,  li^  dioxtdo  is  <l<!poHiteil  mi  the  [loU  wher«  the  curreut  enters, 
and  lead  »  di'poxited  on  the  ot]ll.^^  polo.  Thi>  chemical  actiou  of  the 
chaiyiDg  current  is  to  convert  leiul  oxide  or  sulphate  iuto  the  dioxide 
at  one  polo,  luid  into  mctultic  Icjul  at  the  other.  When  the  ehargiDg 
currant  is  broki^  and  thu  ci^ll  allowed  lo  discharge,  both  the  lead 
dioxide  and  the  metallic  lead  pass  over  into  sulpfaate.  Theohemietl 
Mtion  when  the  cell  is  discharging  ts,  therofore,  exactly  tl>e  opposite 
of  that  which  takes  place  when  the  cell  is  being  charged. 

The  chii>f  source  of  the  electromotive  force  in  aaecondary  battery 

is  the  transformation  of  quadrivalent  lend  ions  (I'b)  into  biralent  (Pb). 
The  quiulrivalent  ions  are  furnished  continually  by  tlio  lead  dioxide. 

These  puss  into  bivalent  ions  aud  form  with  the  SO,  ions,  lead  sol- 

phnte.  At  the  anodo  metallic  lead  passes  over  into  Pb  ions,  thus 
roinovin^;  positive  electricity  from  this  pole.    Those  al«o  form  with 

the  ions  SO.  lead  sulphate. 


CHAPTER  VIII 
PHOTOCHBUISTSY 

ACTtNOMETRr 

Traiuf  ormatios  of  Radiant  Energy  into  Chemioal.  —  We  h$,vt  cWIf 
Ulnttraiiuri!.  uf  till!  ti-ikiiBloiiiiuiioii  (if  i.')iejiii<','il  t'lii^rgy  into  nidUiit- 
III  an  ordinary  flame  this  ti-aiisforuiatiun  is  taking  place  to  some  ex- 
tent. TLft  reverse  traniiformalioii  of  radiant  em-niy  into  clicJiiical 
is  also  well  known,  and  forms  tlie  snlijeiit-iiiiUt^r  uf  tliix  chnjitcr. 

Thi'  action  of  Ujtht  on  certain  silver  salts  was  recogiiiwd  as  early 
as  1727  by  Seliultj;e,  but  tliat  differuiit  kiml«  of  li(tht  hav«  diScroot 
effects  was  first  proved  by  Scbct'lc  in  1777.  !te  exposed  paper 
covei'ed  with  silver  chloride  to  different  parts  of  the  spectruin.  and 
observed  that  the  paper  was  blackened  most  rapidly  iu  the  violet 
portioa  of  the  speolrnm.  The  time  required  to  color  the  jiaper  was 
greater  and  preaUir  a.t  the  red  end  of  the  spectrum  nas  approached. 

This  action  of  lijibt  ou  silver  salts  was  utilized  by  Daguerre  in 
1839  for  obtaininit  images  of  objects,  and  thus  was  staned  the 
soience  of  plioli)Kra[iliy. 

Wt'  know  Unlay  that  tlift  tratisformation  of  radiant  energy  into 
chetaicat  detH'nds  largiUy  npoii  Uie  wave-length  of  the  former.  Or* 
tain  pbotoiihiniiical  reactionH  nrf  produced  most  vigorously  by  the 
violvt  and  ultra-violet  niy«,  while  othMS  are  chiefly  effected  by  the 
lonf(er  wavo-lcngths.  'Diui^,  us  we  have  seen,  the  halogen  aalta  of 
silvvr  anj  ac'tod  u[>on  moat  vigorously  by  the  shorter  ware-lengtlit; 
while  th4i  transformatiun  of  nuliant  cnerfgr  into  obemical,  which  U 
ffting  on  iu  plants,  attains  a  maximum  in  the  yellow  portion  of  the 
[#ftctnim. 

•  't^^Mm  of  the  more  important  gicneraliiations '  which  bare  been 
tMCled  in  rofeTrnoo  to  the  chemical  action  of  the  solar  spectruin  are 
Uie  following;  — 


>  Eder:  PrkUng't  IlaidirSnfrbuth  drr  Chmit,  Vol.  IV,  pp.  134-1X6  (1866). 
Ik^;  CJumUrht  H'Irkaitffta. 
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1.  "  Light  of  every  color  from  the  extreme  violet  to  the  ftxt'Teme 
rod,  Mid  ilIdo  tb<:  iiivUible  ultra-red  aiid  ultra-violet  rays,  eaii  ]>roi 
4^«inical  act  ion.'' 

2.  "  All  rays  which  act  chemically  oa  a  Ntibxtaiice  inust  be 
absorbed  by  it;  tin;  cb«Diic)il  action  of  light  is  cloaely  nonDected 
with  optical  ulworplioii." 

S.  "Cvcry  color  of  the  spvctnim  can  hare  ai>  oxidiziug  iiiid  a 
leducing  action,  depending  upon  tbo  nature  of  tb«  »ubstaiic«  whicb 
is  sensitive  to  tbo  light." 

ActinometCTB.  —  Thi>  measuremeot  of  th«  intensity  of  the  actinic 
rays  is  tiascil  upon  the  cbemic-al  ti^isfoi'iiiation  trbicb  they  can 
effect.  A  number  of  forms  of  apparatus  have  beien  devised  for 
measuring  the  photochemical  action  of  light  These  are  knowo  as 
actinotneters.  The  hydrogen-cMorint  actinometer  is  based  >ipon  the 
fact  discovered  in  1809  by  Gay-Lussac  and  Th^nard,  that  tight  has 
a  marked  intlueuce  on  tlie  union  of  these  two  gases.  Draper'  tma- 
struoted  an  actinometer  in  which  these  two  gases  were  used,  but  thi^s 
was  so  greatly  improved  by  Buntieii  and  liuseoe,*  u-hb«i*  work  in  this 
field  waa  of  fundamental  impurtaiice,  that  we  will  (urn  our  iitt4-nf  ion 
at  once  to  their  aiiparaliis.*    The  glaas  Lube,  Pig.  54,  la  61Ii;d  with  a 

mixture  of  etiual  ]>Brts 
of  hyilrogvn  and  <:h)orin«, 
iil)ijiin<-d  liyelcctrolyzing 
a  sol  II  tion  of  hydrochlwic 
acid  of  specific  gravity 
1.1-I8,  using  rarlHin  eleetrodfts.  The  lower  blackened  portion  of  i 
contains  wat^r.  This  is  connocted  at  one  ond  with  a  tube  closed  by 
a  stopcock,  A,  and  at  the  other  with  a  tube,  it,  which  is  connected 
with  a  vessel,  /,  filled  with  water.  After  the  liquids  have  become 
saturated  with  the  mixture  of  gases,  h  is  closed,  and  the  whole  tabs 
protected  from  the  light  except  the  bulb  i.  The  light  is  now  allowed 
to  fall  on  this  bulb,  when  some  of  the  gases  oombtue,  forming  hydro- 
chloric a^-itl.  The  latter  is  absorbed  by  the  water  in  f,  and  Ui« 
column  of  water  moves  from  (  along  the  graduated  lubi*  k.  My  this 
means  the  amount  of  gases  which  have  comliiiied  is  rejidily  deter- 
mined, and  from  this  the  intensity  of  the  pholuchemical  action.  If 
the  liRht  is  too  strong,  explosions  may  result  in  Ihiji  form  of  actinom- 
eter. To  avoid  this  Burnett*  replaced  the  hydrugun  of  th«  misbiro 
by  carbon  monoxide. 

1  mi.  Mag.  [3].  83.  401  (IMS). 

«  Fogg.  Ann.  100,  W  (IMT);  101,  2M  (186T)[  101,  tM  (IBM). 

•  Ibid.  100,  43  C186T).  »  Phil.  Mag.  [<].  M,  40S  (IBM). 
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Bonscn  and  ItoscM '  usttH  lattr  the  M'fiwr  cAioHdn  actinomcter. 
This  depends  u(>ou  the  tiiriu  rt:i|uirt!d  Ui  ]>i'»(lui;e  »  givwo  uolor  in 
silver  cbluridu  t)Uj>ur.  Tliu  iiiteosily  of  the  li^ht  viu'ics  inversely  as 
the  time. 

A  number  of  other  chemiml  rmctions  whioh  arc  effected  by  light, 
have  been  used  to  measure  the  intensity  of  the  light.  The  action  of 
mercuric  chloride  on  ammonium  oxalate  takes  place  in  the  presence 
of  light  in  lenns  of  the  following  equation:  — 

2  HgCl,  +  (NH,) AO,  =  2  NH.Cl  +  2  CO,  +  2  HgCl. 

The  amount  of  decomposition  i^an  Iw  readily  determined  by  weigh- 
ing  the  aniount  of  mercuntii;)  ehloride  fornted.  The  amount  of  mer- 
curoUB  chloride  formed  increases  more  slowly  than  the  intensity  of 
the  light,  since  tJie  men^urie  ehloride  in  tho  solution  is  coutiuually 
becoming  less.  This  necessitates  the  introduetion  of  a  correction 
which  has  been  worked  out  by  Edcr,' 

Instead  of  mercuric  chloride  and  oxalic  acid  Niepce  de  St.  Victor 
used  oxalic  acid  and  uranium  nitrate,  and  Draper  used  ferric  oxalate. 

Certain  forms  of  electrical  actitionittfrs  have  been  discovered 
and  used.  Hecqueiei  ^  found  that  when  two  plates  of  silver  covenHl 
with  silver  iodide  are  immersed  in  water  containing  an  acid,  and  light 
is  allowed  li>  tu't  on  one  electrrxle,  a  current  is  set  »[i  between  the 
plat«-s.  From  the  elcetruuiotivc  force  of  tliia  eonibi  nation  the  amount 
of  the  chemical  action  proibn'Oil,  and,  ci)usei|ueiit.ly,  the  intensity  of 
llio  action  of  light,  can  be  determined.  A  mnnlwr  of  niodifieutiotis 
of  this  eleetroehcmical  ai.'^tinouicter  have  been  proposed.  Qrove* 
used  platinum  plates  in  dilute  sidphuHc  aeid,  and  Uouy  and  Itigo]- 
let*  employed  strips  of  c op j>er  covered  with  a  thin  layer  of  copper 
oxide,  immersed  in  a  one-tenth  per  cent  solution  of  sodium  chloride, 
bromide,  or  iodide. 

Ofltwald '  offers  tlie  following  explanation  of  the  action  of  the 
Becquercl  a«rlinometer:  "Silver  iodide  is  rendered  legs  stable  by  the 
action  of  light,  and  breaks  down  into  its  ions  silver  and  iodine. 
The  silver  ions  give  up  their  charge  to  the  metal  Mid  separate  ujion 
it  as  metallic  silver,  the  iodine  ions  passing  into  solution.     From 


>  Fogg.  Aua.  IIT.  a2tl  (1803)  :  IM.  363  (18&'^)  :  ISS.  404  (1867). 

•  H-Sdirr.  Ak.  Siwunjwftw.  [2].  »,  i»l!t.  (1879). 

•  Cumta.  nnd. «,  681;  U,  108.    Ann.  Oiim.  Wir*.  [S], «,  MI  <IW3);  [3],  U. 
17)1(1861]. 

*  Firn  M*ii.  C41. 10.  4M  (1S68). 

*  Comi'L  rto'l.  106,  HTO  (1868).     Ann.  Chlm.  /fty*.  [S],  SS.  «?. 
^Ukrb.  d.  Ally.  Chcm.  U,  1013. 
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the  pole  which  hEis  not  boon  exposed  to  light  »  oorres ponding  niim- 
bor  of  silvtT  ions  separate,  thus  nrnderiiig  this  pole  m-.gstiTi^  This 
explanation  ucrards  with  th«  feu-t  thut  in  Mich  lui  ftctinoaietcr  the 
current  flows  on  Iho  outside  from  tho  polo  which  has  been  exixiscd 
to  the  actioB  of  lighc" 


i 


RESULTS  OF  I'HOTOCUKMICAL  MEASUKEMES TS 

Photochemical  Extinetioa.  —  Bunsen  and  Boscoe'  undertook  to 
decide  whether  in  iihotot^heiuical  action  work  is  done  for  which  an 
equivalent  amount  of  li);ht  disappears,  or  wliether  tltere  is  an  action 
produced  b^  the  chciuicral  rays  without  anj  considerable  loss  in  light. 
They  passi'd  li^ht  tlirtnigh  a  layer  of  a  mixture  of  hydrogen  and 
chlorine,  and  determined  the  loss  in  chemical  activity  by  the  hydro- 
gen i^blorine  actluonietcr.  They  then  ))aKsed  light  through  an  equal 
layer  of  chlorine  and  delerminMl  the  loss.  The  loss  in  the  Ant  case 
was  ),'reHtiHr  t.li;in  in  Ihi^  sei^oiiiL  Tii  the  secoinl  case  there  wan  niEoply 
the  0])ti(^)il  ahsorptiiiii  uf  the  chlorine,  th«  light  energy'  wliicli  dis- 
api)cared  being  i-onvcrtj-d  into  hwit.  In  the  first  ease  tliere  was  the 
optical  »b9oq)tion  of  the  ehlorinc  and  of  the  hydrogen,  iiud  in  aihli- 
tion  a  certain  amoinit  of  light  was  expended  in  doing  chemicad  work. 
Since  the  optical  absorjttion  of  hydrogen  craii  bo  disregarded,  the 
difi'ercnce  between  the  light  which  disappeared  in  t}ie  first  and 
second  cases  can  be  taken  sa  the  amount  cx[>cnded  in  doing  ehom- 
ical  work. 

From  the  work  of  Bunsen  and  Roscoe  it  follows  that  about 
one-lhinl  of  the  light  abaoibed  from  a  gaa-fiame  by  a  mixture  of 
hydrogen  and  chlorine  is  exjiended  in  doing  chemical  work,  while 
the  remaining  two-thirds  is  converted  into  heat  The  ratio  hetwe«n 
these  quantities  varies  greatly  with  the  nature  of  Uie  light  which  is 
employed. 

Against  this  conclusion  of  Itiinsen  and  Koscoc,  E.  PringHheini* 
makes  the  following  imint:  The  tight  absorbed  by  pure  chlorine  ia 
converted  into  heat,  but  when  tho  chlorine  is  mixed  with  hydrogen 
it  ix  very  prolalile  that  tho  light  absorbed  Is  used  up  wholly  or 
larffply  in  doing  rhcmiral  work. 

Photochemical  Induction.  —  The  discorery  was  made  by  Becque- 
rel*  in  1M;!.  that  while  silver  chloride  which  ha^l  not  been  ex- 
posed to  light  was  sensitive  only  to  the  short  wave-lengths  of  light, 

'  Fogg.  Ann.  101,  23S  (1857).  *  Iftfd.  A«>t-  Z*.  380  (ISST). 

*Aa>,.  Chint.  Phpg.  [3],  9,  26T  (IWS). 
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silver  chloride  which  had  been  exposed  a  short  time  to  light,  but 
which  had  not  darkened,  was  sensitive  also  to  the  longer  wave-lengths. 
The  former  was  ai^ted  upon  only  by  WAV«-leiigths  shorter  tlian  the 
green,  while  tlie  latter  was  sensitive  even  down  into  the  ultra-red. 
Differences  of  llie  same  kiud  were  observed  wilh  other  aubslannes. 
Similar  phenomena  were  Mtiidied  c]U{iiitit^tively  by  Bi]ii:<en  and 
Rusroe,*  who  lued  the  tcj-m  pkaUtc/irmical  inductiQJi.  Thtiy  allowed 
liKbt  from  a  constiint  soiiron  to  i>a&»  tbroiigli  u  mixture  of  hydrogen 
and  chlorine,  wiiich  liiid  bcon  friisbly  prtipared  or  bswl  stood  for  a 
considrjoble  time  in  tho  dark.  At  first  there  was  little  or  no  action. 
Aft«r  some  time  )i  slight  action  began,  and  this  increased  griidiially 
np  to  s  constant  maximum  vuhie.  The  following  results  taken  from 
the  papiT^  of  liunscn  and  Itoscoe  will  make  this  ck-ar.  The  first 
column  gives  the  time  in  minutes,  the  second  the  amount  of  hydro- 
chloric acid  formed  during  each  miuutc.  as  measured  by  absorption 
in  water  and  the  movement  of  the  water  column  in  the  aotinometcr. 
The  source  of  light  was  tlie  zenith  of  a  clear  sky. 
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The  maximum  value  was  reached  after  about  eltma  minutca. 
Tliey  also  studied  the  action  of  lamplight,  and  found  that  from  nine 
to  fifteen  minutes  were  required  for  the  action  to  reach  a  maximum 
constant  value. 

After  the  action  had  i-eached  a  maximum  the  mixture  of  gases 
was  placed  in  the  dark,  and  it  was  found  that  after  a  half-hour  the 
gaaes  were  in  the  same  condition  as  they  were  before  exjiosure  to 
light.  It  MOW  required  about  the  same  exposure  to  bring  the  action 
l^lUn  up  to  the  niaxinnim  value. 

If  the  ga»e»  are  exposed  separately  to  the  light  and  then  mixed, 
the  action  does  not  attain  a  maximmn  at  once,  but  it  requires  about 
the  same  time  for  an  appreciable  action  to  begin  and  for  the  maximum 
to  be  readied,  as  if  the  gases  had  been  kept  in  the  dark.  The  first 
action  of  the  light,  whatever  it  may  be,  therefore  takes  place  only 
when  the  molecules  of  the  two  gasc*  are  ia  the  presence  of  each 
other. 


1  Poffff.  Aitm.  MO.  Ml  (ISCT). 


*  JbUL  100,  401  (IB&T). 
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Some  suggestiona  bare  be«tt  made  to  aecount  lot  photochemical 
induction.  K  I'lingsbeiin '  thinks  thai  in  the  actioD  of  light  on 
hjdrogen  aitd  clilufine  an  iiiUrmttUate  prodari  is  fonned.  He  was 
led  to  this  oonclusion  fiom  hia  elaborate  sludy  of  this  reaction,  but 
the  {MHQt  laiiiiot  1*  K-ganitil  a»  ].n>vpil. 

The  Action  of  Light  on  Cert&lu  Silver  Salts.  — The  aotiua  of  light 
on  certain  aalu  of  the  heavy  niclaU,  mud  eapeciiilly  of  silver,  has 
beootue  of  the  TOiy  greateet  importance  not  only  from  a  pracLi(«l 
standpoint,  but  fmm  a  scientific.  The  scteooe  of  |i)iotogrA{)ltjr  \a 
based  u[ion  this  iiction,  an<l  Ihvrc  an;  few  bnuicliui  of  science  into 
vhidi  pboliigTiiphy  lias  not  entered  as  a  very  UDporlant  factor. 

On  tlie  photographic  plate  the  silver  salt  is  exposed  to  the  action 
of  lifcbt,  but  imt  until  any  vi§ible  change  has  taken  pla«c.  The  plate 
is  Uicn  truatitl  with  the  dcvclojier,  which  reacts  with  diSercut  vcloci- 
tieii  uiMMi  the  parts  which  have  been  exposed  to  lights  of  difTerent 
intcDsitics.  The  rctiult  is  aa  image  of  the  obje«t  &om  which  the 
light  came. 

The  Action  of  Light  in  the  FormatioQ  of  Isomeres  and  Polymeres. 
— Ill  connection  with  the  actiou  of  light  in  the  formation  of  utomoric 
substances,  we  think  first  of  the  antiou  of  bromine  on  toluene.  If 
the  reaction  takes  place  in  the  dark  or  in  diffused  light,  llicre  is 
formed,  as  Schramm '  pointed  out,  a  mixtvire  of  ortho-  and  ]>aral]n>m- 
tolaeae  CalltBr.CH*.  But  if  the  reaction  takeH  pinee  in  the  direct 
sunlight,  the  isomeric  beniyl  bromide  ('(H,.  (;H,Br  is  formed. 

Thcte  arc  a  number  of  acids  known  which  are  transformed  by 
light  into  stereoiaoiueric  substances,  as  Liebermaun '  has  shown ;  and 
J.  WialicenuH '  ha^  pointed  out  a  number  of  other  cases,  such  as  the 
transformation  of  lualelc  into  fumaric  acid,  and  of  angelio  into 
tiglic  acid.  From  these  observations  Ruloflf'  draws  the  following 
conclusions:  Light  always  tranafonna  from  Amaletioidtoafumaroid 
form ;  the  trani;  format  ion  takes  place  with  an  eeolution  of  htai,  and, 
therefore,  gives  rise  lo  more  Stable  forms. 

Koloff^  jtuints  out  a  number  of  examples  where  light  acts  as  a 
polymerizing  agent,  after  sliowing  how  we  can  distinguish  between 
a  metamer  and  a  polymer.  We  may  mention  the  tranafonnation  of 
yellow  into  red  pliosphoruit,  of  uioiiuclinic  into  amorpfaons  sulphur, 
of  amorphous  into  crystalline  selenium,  of  the  aldehydes  into  poly- 

'  Wifd.  Ann.  >2.  S81  {18«7). 

*BfT.  (I.  (han.  a<*ti\.  \%,  8E0,00e  (ISSG);  W.Sl!  (1880).  JfwaftA.  I.  101 
(1887)  i  0,  MS  (1888). 

•  Bw.  A  cftrm.  R^jtH.  9S,  II«  (ISW).  •  SacJU.  Btt.  4S0  (1886). 

'  ZtttKr.  phy*.  Chria.  M,  880  (1898).  *  IMJ. 
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nieree,  of  acetylene  into  beimoe,  and  many  other  ex&nii)lvs  cuuld  be 
cited. 

The  Law  of  Photoohemical  Action.  —  One  general  Uation  of  con- 
Bidcrable  value  has  tinis  far  Ijeeii  reached  as  the  result  of  the  work 
done  iu  the  field  of  iihotochemistrj.  Bimsen  and  KoBcoe'  showed 
experimentally,  iii  their  now  classical  investigations  iu  this  field, 
that  photochemical  action  is  proportional  to  the  intensity  of  the 
light  and  to  the  time  which  it  tu-ts.  They  studied  the  time  reqnired 
to  produce  a  given  blackening  of  silver  chloride  by  light  varying  in 
tnt«n»ily  from  one  to  twenty-fiTP,  and  concluded  Uiat  whenever  the 
product  of  the  inl^u^Jty  and  time  of  exi)0.iiii-e  in  a  cuu.tlaiit  the  Name 
bUckeciinK  ia  prodiioi^d.  Thti  law  tlien  i*,  Ihnl  jihiil'x-hfmkftl  aiithn 
is  equal  lo  (A*  pnnluri  nf  the  inlftmty  of  (7ic  iiglii  ami  the  limfi  during 
v}kifh  it  oftH.  This  IN  till)  i^nnie  as  to  say  that  a  K'i>'^n  photocheniieat 
effect  ill  prudiiccd  liy  a  jcivcii  number  uf  vibrutiunH,  iiidegiendHiiL  uf 
th«  time  requireil  to  receive  tliem. 

PnOTOCIIEMlCAL    ACTION    OF    XKWLV   IHSCOVKRKD  FOHMS 
OF  UADIATION 

The  Ronton  Rays.  —  An  observation  was  made  by  RflntKen 
wMoh  led  him  in  1S95  to  one  of  the  must  luipottant  discorerica' 
in  modern  physics.  When  the  discharge  from  an  induction  coil  \» 
]>a$K<M)  through  a  Crookes  or  Leuard  tidie  of  sutheient  exhatiKtion,  the 
tnlM'  In-ill};  comjiletely  covered  with  l)ia(;k  )ia|>'>r  and  phtci-d  in  a  dark 
room,  there  In  pnidiici'd  a  hntcht  illumination  »n  paper  covered  with 
barium  platinoeyainide.  Tlie  llnoresci^noe  was  visible  even  when  the 
screen  wiw  pliwed  at  a  distance  of  two  mfttn-s  from  the  tube. 

As  Itdutgrn  statDs,  ttiu  most  striking  jirojx^rty  of  this  radiittioa 
JB  that  it  pasiM's  throngh  substanocs  which  are  opoqne  to  visible  wid 
ultra-violet  rays.  I'apcr  and  wood  are  very  trausparent,  and  most 
of  the  metals  allow  the  radiation  to  poas  through  to  a  conHtdorable 
extent.  The  metals,  however,  differ  very  considerably  iu  tbeir  trans- 
parency to  this  radiation.  Some  fluorescence  was  produced  when  a 
screen  of  aluminium  15  mm.  thick  was  interposed,  while  a  plate 
of  lea<l  1.5  mm.  thick  is  prjictically  opaque.  Platinum  is  among  the 
mon-  opmiue  nirUits.  Thi;  opacity  of  substances  to  this  radiation  is 
conditioned  chiefly  by  their  atomic  weight,  but  thia  is  not  the  only 

>  Pogv.  A»n.  UT,  630  (leOS). 

*  Stttunfiitr.  mrtb.phrs.  ntHctn.  OrM».  180S.     Wk4.  Anit.  M,  I  (1800). 
Sototttlfle  H«iiKdi*«(HM,  Vol.  III. 
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factor,  siiK-Q  different  substaDcn  of  the  saiii«  density  liUTe  tlilTerent 
decrees  of  (ipse it j. 

Tliis  form  of  tadiation  produces  Suorasocncc  not  only  in  bunum 
plfttiDocy&nide,  but  also  in  phosphorescpnt  calctnin  compooods, — 
cftldt«,  uranium  glass,  etc.;  and  also  prwluvvs  vhvmical  action  on 
photographir  dry  plates,  «ith«r  directly  or  bj  iiM^ns  of  tb«  fluores- 
cent light  set  up  in  the  glass  or  film. 

Kflntgen  showed  that  this  radiation  conies  from  the  place  where 
the  cathode  rays  strike  the  glass  of  the  exhausted  tube,  that  it  could 
not  be  reRected,  refiact«d,  or  polarized,  and  that  it  ionized  gawa 
through  which  it  passed;  tlierefore,  differs  fundamentally  from  cath- 
ode rays.  This  radiation  also  ditfers  fundaiuen tally  from  ultra-violet 
light.  Rfint^ti  thought  that  this  radiation  was  produced  by  longi- 
tudinal vit/ralionii  in  tlie  otJier. 

A  very  differeut  view  as  to  the  nature  of  the  RAntgen  rny  Li  held 
by  StoVoa.'  He  rKO{igitix«s  that  these  rayw  must  1m-  iwiuelliing  projKU 
gated  in  the  ether,  and  are  produced  by  the  cathoalc  rays  5trikiug 
u])on  the  glass  walU  of  the  exhauHled  tube.  The  cathode  rays  are 
streams  of  highly  charged  particles.  These  fall  upon  the  walls  of 
the  vacuum  tube,  atid  each  tiioleculc  sets  up  a  piilMi  in  the  ether. 
The  Rontgen  ray  i*  then  a  va^tt  succession  of  lliese  iHilt-iumderU 
puUea,  sent  out  iu  an  irregular  nianucr. 

By  means  of  this  theory  Stoki^s  shows  Uiat  ho  eau  explain  the 
facia  which  are  ktiown  in  a  perfi^tly  satisfactory  manner.  Their 
Ikcuetraling  power  is  due  t^)  the  f(u:t  tliat  the  pulse  is  gone  before 
any  harmonious  vibration  bctwveu  the  ether  luid  tbe  molecules  can 
be  set  uj).  This  llicory  also  accounts  for  the  absence  of  diffraction 
more  satisfactorily  than  by  iiSHmniiig  that  the  Itontgen  rays  are  rays 
of  light  of  very  short  wave-length.  The  view  of  Stokes  supported 
by  J.  J.  Tlinmson '  is  the  one  now  generally  accepted. 

The  Becqaerel  Rays.  —  A  form  of  radiation  which  in  some  re- 
spects rcKcmblcF)  the  lUntgen  rays,  but  in  others  se«ms  to  differ  from 
it,  was  discovered  by  Becquerel'  in  1S9C,  Conipoiiuds  of  uranium 
when  exposed  to  light  have  the  property  of  emitting  an  invisible 
radiation  which  traverses  many  substances  im))ervious  to  light,  such 
as  black  paper,  thin  sheets  of  inauy  metals,  mob  aa  aluminium,  cop- 

1  Mnwktttw  Lit.  and  Fhil.  Soe.  41.  Part  IV.  1800-1897.  SolcoliGc  Mmnoiis 
Scries,  [][,  43.    "Tlie  Wflde  Leeiate,"  July  25.  1887. 

»  na.  Mag.  4S,  172  (1808). 

■  Compt.  rtnd.  198,  ViQ,  001,  CnO,  m•^.  703,  lOBl} ;  U3.  8GS  ;  IH,  43S.  SOO; 
Vt,  771 :  IS9.  913  i  1*0.  SOO,  3TS,  800.  BTO.  IIM ;  131,  137 ;  ISt.  371  (ISM-), 
foture,  M,  see  (1001). 
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r,  etc.  This  proi>cTty  is  poswsseil  by  motaltia  tirAiiium  to  from 
throe  to  four  timcti  tho  extent  that  it  is  iniiiiife«t«d  bj  Ute  salts  of 
this  lueUl. 

Tliia  is  entiroly  ditFcrcnt  from  tliu  phosptiorvKocnce  shown  by 
salts  of  uranium,  since  tho  lattor  disappoais  very  (|uii-kly,  while 
the  power  of  emitting  this  inviHiblc  radiation  persists  fur  years. 

11  a  piece  of  uranium  op  of  one  of  its  salts  is  placed  above  a 
Ji^otograpliic  plate  covered  with  blaok  p&per  or  aluniitiiuin  leaf, 
and  various  aubslauces  are  interposed  Itetwecn  the  uranium  and  the 
p1at«,  after  several  hours  "  radiographs  "  are  obtained  upon  the  plate. 
These  rays  were  also  supposed  for  a  limo  to  \>e  cajiable  of  |>olari< 
zation  by  means  of  tourmalines.  These  jjlieuoineiia  would  .suggest 
projKirties  analogous  to  those  pussessed  by  liKlit.  and  led  Slokt?.* '  to 
coneliide  that  the  Becquerel  rays  occujiy  a  position  iuiermcitiate 
between  the  R<inti;i>ii  rays  and  li^bt.  As  wo  have  seen,  he  rei;»riied 
tJioR&ntfien  ray  ax  iiia<leupof  a.  ^reat  numl>eruf  iiiitei>emleut  pul.ii^s. 
In  the  Beequercl  ray  be  tbuui^lit  that  Uicn-  wa;*  ntill  irregularity,  but 
eomC  r«frularity  was  beginning  to  wanififst  it-thlf. 

Later  experiments,  however,  have  shown  that  the  iiraniuni  radia- 
tion uudergfii;s  neither  ri-fleclion,  rvfruetion,  nor  polari«ition. 

This  railiation  is  transinitUvl  dilftTciitly  through  wrecns  of  dif- 
fereDt  substances,  dcjwuding  upon  the  angle  in  which  they  are 
Bimultaiiuously  placed  in  the  path  of  tho  radiation.  This  would 
indicate  that  the  radiation  is  not  homogeneous. 

The  tiranium  radiation  discbarges  positive  and  negative  charges 
with  e^tua!  speed,  and  its  power  to  render  a  gas  a  conductor  has  been 
shovm  by  Rutherford'  to  be  due  to  an  ionization  of  the  gas.  The 
above  and  similar  phenomena  have  been  characterized  as  radto- 
activUi/. 

Other  BadioaotiTe  Ssbstancea.  —  The  discovery  was  made  in  1898 
by  G.  C.  Scliuiidt'  that  tborium.  like  nraiiium  and  its  compimnds, 
oaavend  out  rayw  which  are  simitar  to  the  R()ntgen  rays.  A  little 
lAt«r  (1S98)  M.  and  Mme.  Curie*  observed  that  certain  uranium 
minerals,  such  as  pitchblende,  were  radioactive  t»  a  mncb  greater 
degree  than  metallic  uranium  or  thorium.  The  concJusion  wis 
drawn  that  in  siirh  minerals  there  are  otJier  radioactive  sulntanoM 
than  uranium,  and  an  attempt  was  made  to  isolate  such  substances. 
Pitcbbleade  was  dissolved  in  acid,  and  hydrogen  sul)iliide  passed 
into  the  oolntion.    The  sulphide  of  the  active  substance  is  iosolable 


1 1^.  tit .  "  WiliU  LMtdTs. 
■  Flal.  Mas/-  4T,  1U»  (ISM). 


*  tritd.  Ana.  6B,  111  (tSCW). 

•  C<,mpt   rtnd.  1S7.  176  (IBW). 
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in  aininonium  sulphide,  aiid  was  jiartiiUIy  KejiaraUtil  from  the  other 
sulphtiles  iiiitoluMt!  in  this  Mibstaiiiic.  Further,  wheu  Htc  mixed 
flulptiiiU'jf  fniin  pilchbli^iidn  tiro  heated  to  700°,  thu  luittvtr  nuhotauce 
SublimcM  into  tliu  ccmliir  ]>ortion  of  the  tube.  The  xubidaiiGA  obliiiued 
in  this  way  wiis  4IM>  timi's  a»  fWtiv«  as  wranium.  This  was  further 
puntied  by  removing  the  bismtith  until  a  mncli  gnsiU-r  m)li(>nctivity 
was  shown.  Tltis  Eubstuntx;  was  called  poionium,  after  tho  native 
country  of  Mmc.  Curie. 

M.  mid  Mnie.  Curie'  discovered  a  s«vond  tudioartive  aubatanco 
in  piU;hblciid«.  This  substaoce  is  obtained  with  the  hariiim.  from 
which  it  is  imposBible  to  effect  a  complete  separation.  This  Btib- 
atane«  is  not  precipitated  by  hydrogen  sulphide  nor  ammoniom  | 
sulphide.  Ily  disiiolving  the  chloride  in  wat^r  and  precipitating 
with  alcohol,  a  substance  was  obtained  which  had  a  r^Iioaclirity 
17,000  times  that  of  uranium.  This  substance  they  termed  mdivm. 
The  spectrum  was  determined  by  Demarcay,*  and  new  lines  were 
discoverc-d. 

Mora  rei!f  ully  Deblenie  *  claini.t  to  have  diitcovend  a  third  radio- 
active nubxlanra  in  pil^^hbbmdt!,  which  is  closely  allic<L  to  titanium 
in  ittt  pro[it![i.ii'K. 

Thp  ruys  frnm  radium  arc  mucli  nmrp  iutensi^  than  those  from 
polonium,  ururiiinii,  or  thorium.  Kajs  from  radium  and  polonium 
pro<luce  lliioresct^nce  in  barium  phitinooyanide,  while  those  from 
thorium  uud  tiriiniiim  are  notr  suftldently  intense  to  excite  this 
fluorcsccncir.  The  radiation  from  )K)luiuum  is  much  less  pcni^tiating 
titan  that  from  ra<liura,  not  being  able  to  trarerse  eren  black  paper. 

The  rays  from  certain  radiating  substances  are  deviated  by  a 
magnetic  field,  while  other  rays  are  not  deviated.  This  shows  that 
there  arc  two  kinds  of  rays  given  out  by  radioactive  substances  i 
indeed,  both  kinds  coexist  in  the  radium  radiation,  Tho  nature  of 
the  kind  which  cannot  be  deviated  is  unknown,  and  these  am  moch 
less  penetrating  tiian  the  deviable  rays,  whii^li  have  Im^u  Khowo  to 
be  identical  with  the  cathode  rays.  It  ba.s  al.to  Iwen  fhown  that  in 
the  radium  radiation  there  are  I'ery  penetrating  rays  which  are  not 
deviable. 

In  identifying  the  deviable  rays  with  cathode  rays  it  baa  been 
demonstrated  that  there  ts  a  transport  of  olectHcol  eharg^a  and  also 
a  deviation  in  an  electrostatic  field.  By  comparing  the  clectto«tatic 
and  elect romajtnittic  deviations  the  velocity  of  the  pauticles  was 

'  Ompl.  rrnil.  1B7.  I21S  (18W().     Ch(n.  AVlM,  79.  I  (IflOO), 

«  Ibid.  WT,  1218  (1H»H).  »Cowj)(.  rrnd.  tM.  603  (ISW). 
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detenniaed  and  found  in  on^  case  to  be  1.6  x  10",  or  about  one-half 
that  of  light.  The  ratio  of  the  masses  to  the  charges  which  they 
carry  iras  shown  to  be  10~',  which  corresponds  exactly  to  the 
cathode  ray. 

From  the  above  and  other  data  it  has  been  calculated  that  the 
loss  of  matter  from  each  square  centimetre  of  surface  of  the  radio- 
active substance  is  one  milligram  in  about  one  thousand  million 
years.  As  Becquerel '  says,  "  If  the  material  emission,  which  ap- 
pears to  be  of  the  same  order  as  the  evaporation  of  certain  scented 
substances,  is  the  first  cause  of  the  observed  phenomena,  there  would 
be  no  contradiction  between  the  apparent  absence  of  any  source  of 
energy  and  the  continuous  emission  of  this  energy," 

>  Xature,  6S,  808  (lOOl). 
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OBEMICAI.  D7NAUICS   AND  ESQDH'TBRItTM 
HISTOKICAL  SKETCH 

Earlier  Tiewi. — The  fact  that  different  formB  of  rDatt«r  can 
cumbiiio  Willi  bue  another,  giving  Den'  prixlucts,  was  recoguized  ss 
(HLrly  as  chemical  elements  aud  oninpounds  were  dealt  with.  Certaia 
I'liuiiKiitii  nombiiie  with  certain  other  elements  pving  compound! 
miiiiy  of  whose  properties  differed  fimdameutoll^'  from  those  of 
either  ^IelIl«»t.  Boiae  elements  combine  with  the  greatest  eas«, 
cvolvini;  a  liirgf-  njiuitint  of  heat,  while  ollierH  coiuhiuo  with  diffl* 
culty,  or  only  iit  <^lev»led  tern  pe  rat  urea,  while  others  agaiu  would 
not  coinbiiiu  nmli^r  any  known  conditionK.  It  was  alao  fiiuly  ob- 
served thitt  one  cicnient  iniiy  hav«  the  power  of  breaking  down  h 
comppnnd  coiiUuinn^  two  or  more  elements,  cotiiliiniii);  with  one 
or  more  elements  and  setting  the  n^nuiinder  free.  Il  was,  therefore, 
obvious  that  elements  ikinscss  very  different  powers  of  combination, 
and  that  the  coniputinda  formed  have  very  different  degree*  of 
stability. 

The  property  of  elements  to  enter  into  chemical  combination  waa 
named  diemicai  affinUy.    The  earlier  espmmenters  and  obserrets^ 
however,  were  not  content  with  merely  nnming  the  phooomena,  bat 
sou^'ht  to  explain  it,  and  a  number  of  theories  were  proposed  quits 
early  to  account  for  chemical  union.     I'assing  over  certain  loetar 
physical  speculations  of  tlie  Greeks,  which  referred  chemical  union 
to  lovft  and  decomposition  to  hate  between  tho  atoms,  and  cerlain 
niechatiii'al  conceptions  of  chemical  union,  which  regarded  tho  atouii 
as  provided  with  hooks  which  interlocked  aud   formed  chemical 
comjK>iinds;  we  corae  to  the  time  of  Xewton.    His  dtscoveiy 
the  law  of  gra^ntation  seemed  to  throw  new  light  on  the  probl 
of  ohutnical  afibiity.     If  large  masses  of  matter  altr^et  one  anolhi 
proportional  to  the  product  of  tlieir  masses  and  inversely  as 
8C|n»rt»  of  the  distance,  why  might  not  the  attraction  between  al 
follow  the  same  law?    In  a  word,  why  might  not  chemical  attraei 
and  the  atti-actioa  of  gravitation  be  referred  to  th«  same  c«tise 
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Althongh  N«vton  shuwcil  that  clit'^iiiif-ii!  altrnRtidtk  ilet^reaAeH  more 
rupiilly  with  tho  dbtaucc  than  would  hv  rcqiiirod  hy  th«  law  of 
giaritational  attraction,  yet  Ituiloti  and  others  wcri;  ilci-ply  influ- 
enced by  the  discovery  of  Newton,  iu  Iheir  atteiuptt)  to  explain 
chemical  attiaetlon. 

At  the  be^nuing  of  the  nineteenth  century  an  entirely  new 
conception  wah  introduced  in  the  attempts  to  explain  chemical 
attraction.  The  power  of  the  electric  spark  to  effect  both  chemical 
union  and  decomposition  Kaa  known.  Cat'endish  showed  that  nitric 
aciid  is  formed  from  air  when  electric  sitarlta  are  passed  through  it, 
and  l^ricittloy  foiinil  that  ammonia  wait  ilecompoaed  by  1]ie  electrie 
itpark  inU)  products  whiMc  volume  was  Kn^ater  than  its  ovrn.  The 
disc^ivcry  of  Gaivaiii,  nnd  the  iitilixatiun  of  tlits  discovery  by  Votta 
in  the  construction  of  his  pile,  gave  a  conliiiuoun  supply  fif  electrio- 
ity  on  a  comparatively  largci  scale.  It  wiw  quickly  discovered  that 
the  eloctric  current  can  not  only  dvcoiuposc  waU^r,  but  also  many 
other  chemical  compounds,  such  as  salts  of  the  heavy  metals,  Since 
ehemicul  attraction  could  be  to  readily  overcome  by  the  current,  it 
seemed  probable  that  there  was  a  vrry  close  r«-lation  between  chemi- 
cal attraction  and  electrical  attraction.  As  the  result  we  have  the 
electrochemical  theories  of  Davy  and  Berzelius  to  which  sufficient 
nierence  has  already  been  made.  The  fundamental  conception 
which  nuderlies  both  of  these  theories  is  that  chemical  attraction 
is  nothing  but  the  electricai  attraction  of  oppositely  charg<^  puts. 

The  earlier  chemists  were  not  content  with  theorizInK  about  the 
nature  of  chemical  affinity,  but  carried  out  elaborate  i-xperimental 
invesUgationa  in  which  they  measured  the  relative  affinities  of 
Bubstancea  for  one  another.  To  some  of  the  more  important  of 
these  we  shall  now  turn. 

QMffroy's  and  Ber^mann'i  Tahlei.  —  Geoffmy  attempted  to  tr- 
ninge  eluniiii.'al  .><lJl)^^lll<'l-.^  in  tablet  in  the  ord<^r  of  tlieir  affinityi 
A  given  suhntnace  was  placed  at  tlin  top  of  a  tabic,  and  other  sub- 
Htancc.i  a^Tanf[<^d  iu  tho  ordi>r  of  thi-ir  dei-reasintt  afRidty  for  iho 
sukstJUK-e  in  ([ucstiou.  The  substanco  higher  in  tho  tabic  displaced 
from  their  compounds  those  below  it,  the  ease  with  which  the  dis- 
placement took  place  depending  upon  ttie  relative  positions  iu  the 
table.  This  method  of  dealing  with  cheanieal  aiBnity  referred  it 
entirely  to  tho  nature  of  the  substances  which  were  brought  to- 
getlier.  and  made  it  independent  of  any  external  conditions  to  which 
the  substances  were  subjected. 

Herrmann  went  much  farthej-  than  GeofFruy  in  that  hi^  nwogniied 
that  the  power  of  subataucca  to  react  chemically  dcpeodcd  not 
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only  upon  their  nature,  but  also  upon  other  conditions.  Thus,  the 
state  of  division  had  a  marked  inBuence  on  the  nactirity  of  sub- 
stances, aitd  thi»  explained  why  substances  react  mtioh  better  iu 
sobilton  Uian  i»  tlie  nuUd  state.  The  table  expressing  tJie  relative 
afGuUie.t  i>f  sub»taiit:i»  tu  the  dry  »late  woidil  thua  be  very  differeut 
front  tliA  t^iblo  for  the  naiuc  subslanue*  iii  iiuUiliou.  W'c  in'i.Hdd, 
ihenfore,  have  twy  tttbtes  of  Mlliiiity,  —  one  in  the  dry  stati!  and  ooe 
in  the  wet.  lii-rji^naiiii  puiiited  <nit  lliat  thoMe  tables  of  aflloity  (ira 
ptiix-ly  ijualitativv,  reprc^t^iitiiig  the  rvlative  ulhnttics  of  substance* 
for  one  another.  Tb«y  wvro  not  to  bo  rvgarJet)  as  a  qnaatitatirc  ex- 
premiuii  of  the  magiiitud«^  of  vhcmtral  attraction  botwcvn  substances, 
since  this  varies  so  grccitly  with  the  conditions. 

One  point  of  fundameotal  importance  as  conditioning  chemical 
activity  was  overlooked  by  Kergmann,  i.e.  the  eSect  of  mass.  It 
remained  for  Wenzel  to  pfiinl  tliis  out, 

Wenzel  points  out  the  Effect  of  Uaaa.  —  In  bis  book,'  published 
in  1TT7,  Wen/fl  dealt  with  llie  whole  problem  of  rhemica!  action  in 
a  much  hromler  way  than  any  one  had  done  tip  to  his  time.  He  con- 
sidered the  varioutt  intluei)ee.-t  which  uii^ht  eoiiie  into  play  to  aooount 
for  cheiiiienJ  action,  and  observed  certain  tlisrirejjaucieis  which  oonld 
not  be  aceoiintetl  for  l>y  any  of  the  ordinary  methods.  Thua,  tuder 
Honte  eonditi»iiH  Ku1j>hiiric  uciil  will  replace  nitric  acid  from  its  salts; 
under  other  conditions  nitric  acid  will  replace  sulphtiric.  Thi-i  led 
Wenwl  to  inquire  into  the  effect  of  different  quantities  of  ou«  )tul>> 
stance  with  re-ipect  to  the  otiier  on  the  velocity  and  tiie  amount  of 
the  reaction  between  the  two.  He  was  led  to  the  conclusion  that 
chemical  aiaion  ia  |iro|)orti»iial  to  the  coticentration  of  the  siihstancos 
entering  into  the  reaction.  This  was  tlie  first  reooguition  of  the 
effect  of  mans  on  chemical  action. 

The  Work  of  BerthoUet.— The  first  systematic  experimontal  study 
of  tlie  ■■(fei-i  cjf  [iwss  oil  chemiral  action  was  ntaile  by  licrtholteC*  at 
the  very  beginning  of  the  nineteenth  century.  His  first  paper  was 
published  in  171*11  while  with  Napoleon  in  C^ro;  BcrtlioIIet  having 
been  selected  iis  otie  of  several  men  of  science  to  accompany  Xa)H>lei>D 
on  hia  KfiyptiaM  expedition.  The  views  of  Dertboltet  in  refenmce 
to  the  effeet  of  mass  on  chemical  action  are  cleaily  expressed  in  this 
first  communication,' 

Chemical  affinities  do  not  act  aa  absolute  forc<!»,  by  means  of 

'  Ltllrf  ri,n  iter  (Jiemitrhrn   I'erufandCaclmfi  if*r  KSrprr. 

'  Esiiai  'le  Sintlfiur  Cklmlqur.    Pspun  oampilcd  in  Ottitati't  Kla$>llttr  4er 

JCxakfn   iVim'aifliaftfn,  Xn.  H. 

•  eWicnirf'ji  Kliti^iktr,  7*,  6. 
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which  on«  substance  can  replace  anotliur  from  its  compounils:  but 
in  all  couibitiatioiii;  und  (tri:<impi.isitii>n8  w«  must  take  into  account 
not  merely  the  strength  of  the  affinities,  but  also  the  ma»»fi  of  the 
sabstancee  whieli  are  reacting.  Tin?  effect  of  mass  can  oveicoine  the 
force  of  affinity,  from  which  it  follows  tliat  the  activity  of  a  suhstaiice 
must  be  measured  by  Uie  mass  which  is  required  to  bring  about  a 
definite  degree  of  reactivity. 

IterthoUet  carried  out  a  nnniber  of  e-xperiment«,  which  be  do- 
scribed  in  a  second'  communication,  nhowin^  Ui»  ef[<-ct  of  mass 
action.  Barium  solphate  waa  decomposed  by  pota^Hiuni  hydroxido, 
the  Amount  of  the  decomposition  dejwndiiig  ii|>un  thi>  amotint  of  the 
hydroxide  present.  Similarly  calcium  oxabite  was  decomposed  by 
[KitaHstum  hydroxide  in  varyini;  umoiints,  dcpi^diug  upon  the  qiian- 
lily  of  th«  hydroxide  u.scd.  It  is  possible  to  effect  utmost  cimplcte 
dccoin]wsitio[i  of  the  ituljibatc  and  oxalate  if  coougb  hydroxido  is 
used. 

Bcrthollct  studied  also  the  effect  of  solubility  on  chemical  actiT- 
itj.  In  order  that  substances  may  react  there  must  bo  good  contact, 
and  such  is  established  in  solution.  Substances  react  not  according 
to  the  total  aniount  pivscut,  but  according  to  the  amount  in  solution. 
This  appeared  in  his  fourth  communication.  In  subsequent  paiierit 
he  took  up  the  study  of  the  nature  of  the  solvent,  tJie  effect  of  lieat, 
etc..  on  chemical  action;  hut  the  essential  features  in  his  theory  of 
mass  aetion  were  presented  in  his  earlier  communicatious.  The 
TieiTB  of  Berthollet  are  summarised  by  himself  as  follows,  "The 
chemical  activity  of  a  substance  depends  upon  the  force  of  its  affinity 
and  upon  the  mass  which  is  present  in  a  givfxx  volume." 

The  theory  of  BertluiiliH  was  not  immedi.itely  acit'iitcd.  Indeed, 
for  a  considerable  time  it  exercised  very  little  influence  on  eliMnical 
thoughL  tt  app«mvl  Ut  thinking  chi'iuint-t  that  Bcrthollct  h;ul  gon« 
too  far  in  supposing  that  mass  was  the  chief  factor  in  conditioning 
chemical  activity.  The  opposition  to,  or  neglect  of,  his  views  was 
increased  by  a  conclusion  to  which  lie  thought  himself  forced  by  his 
discoveries.  If  reaction  depends  chiefly  upon  mass,  then  the  quan* 
tity  of  one  sub-stance  which  oomhines  with  a  given  quantity  of 
another  mdiNtance  should  de|>e[id  upon  the  relative  masses  of  the 
8Hhst;inccs  which  arc  prcaentv  This  was  dii-cctly  at  variance  with 
the  idi-a  of  the  constant  com])osition  of  chemical  oomiMiunda,  and  led 
to  the  elnesicjil  discussion  between  i'roustand  Bcrthollct.  The  well- 
known  result  was  that  Bertliollet  was  in  error  in  tJiis  conclusion,  the 


>  Otliaald'i  KlattOxr,  74,  T. 
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work  nf  Vraust  showing  tluit  UftltoD's  laws  of  (tuni^tunt  composition 
aixl  multiple  jinijujrtion  wcre«ndou\>t«ily«»rrciTt.  All  Ihis  U-iwlod  to 
bring  Uerthollot's  gcnt-ializatioD  into  <lisn-|nit«,  ui<l  the  vffect  of 
ttums  as  plRying  suiy  prominent  idlp  iu  cbcitiiuil  reactions  watiidmost 
entirslj  diKregardod  for  forty  yean,  It  wus,  howvver,  agtan  brought 
to  the  front  tn  184:2  by  tlie  work  of  Kosi\ 

The  Obtervationi  of  Heinrich  Rose.  —  K»g  showed  that  Uie  sul- 
phides of  the  alkaline  I'srths  art-  decomposed  by  water  yielding  the 
*.  correLspoDding  hydrosides,  the  aiDouut  of  the  decomposition  depend- 
ing Upon  the  amount  of  water  present. 

He  also  called  attention  to  a  phenomenon  in  nature  which  Ulna- 
tratea  in  a  stiiking  way  the  action  of  mass.  The  silicates  are  among 
the  most  stable  compounda  known,  being  decomposed  vritli  any 
sidetable  velocity  only  by  the  most  powerful  chemical  reagents, 
in  nature  these  coraponnda  are  undergoing  continual  decomposi 
which  is  i!l!fei't'>d  by  such  weak  reagents  an  carbon  dioxide  and  water 
All  over  tlm  surface  of  the  earth  we  have  the  transformation  of 
Bilicate:s  iuta  carlwuatea,  due  to  the  action  of  the  enormou.i  ainoninta 
of  carbon  dioxide  in  the  air  and  water.  This  reaction  cannot  bo 
eCfected  to  any  appreeiable  extent  in  tlie  lalKirntor?,  slime  tli«  time 
at  di.tjxiKi)  fur  auoh  an  experiment  is  not  sufficiently  great.  Here 
we  have,  then,  a  beautiful  example  of  tbe  effect  of  mass  on  cJiomtcal 
activity. 

One  <Jth'-r  «K[iin|)li>  wlili-h  was  pointed  out  by  Rose  should  be  cited. 
When  a  boiling  .solution  of  wid  xiotassium  sialphtto  of  medium  conoen* 
trntion  is  erystalliied,  tbe  crystals  have  the  composition  expressed 
by  the  formula  S  Kr^(\  If^O,  and  water,  a  portiou  of  tbe  sulphuric 
aci<l  having  been  8i>lit  off  to  combine  with  the  water.  If  thcae  crya- 
tals  arc  rodissotved  in  more  water,  and  the  solution  evaporated  to 
crystallization,  the  neutral  salt  will  separate,  showing  a  further  Split- 
ting off  of  sulphuric  acid  duo  to  the  masts  action  of  the  water. 

Those  examples  and  many  others,  which  wcr*  brought  forward  by 
Boae,  called  attention  a^niin  to  the  importtmce  of  mass  as  condition* 
ing  chemical  reactions,  and  succeeded  in  arousing  interest  abont  the 
middle  of  the  cenhiry  in  th<i  theory  which  had  lieen  advanced  by 
Wenzel  ami  exjiwinu-iitiilly  vi-rified  by  15ertholIet  at  the  bef^noing. 

Renewed  Interest  in  tbe  Theory  of  Hasi  Action.  —  After  lite  abore 
facts  had  lieen  pointi-d  out  by  Kose,  observations  illustrating  the 
effect  of  mass  wi-rc  miule  on  all  sides.  Dulong'  studied  quite  early 
the  decomposition  of  barium  sulphate  by  potassium  carbonate  when 


•  Fogg.  AHn.  [Ij,  H,  273  (iai9>. 
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the  two  were  fosed  toother,  and  also  when  thci  sulplmto  was  boiled 
with  a  soIiitioD  of  the  ciirbunate.  The  amount  of  the  sulphate 
traasformed  into  carbonate  doponda  upon  the  amount  of  the  soluble 
carbonate  present.  He  also  showed  that  barium  carbonate  can  be 
transformed  into  sulphate  b;  boiling  with  a  solution  of  a.  soluble 
sulphate. 

Rose '  studied  these  reactions  qiuintitatively,  and  showed  that  the 
action  of  the  soluble  salt  ceaaes  lonj;  before  it  has  all  been  used  up. 
1.  If  to  a  solution  of  potassium  carbouute  a  certain  amount  of  a  soluble  ' 
sulphate  is  added,  it  no  louger  baa  the  jiowor  to  tratisforin  liaritim 
fltilphat«  into  c!arboaat(>.  He  obserTed  that  »Lroiiliitiii  and  calcium 
Hul|ihal«H  Aiei  more  easily  decomposed  l>v  a  solidile  cArhoiuitft  than 
barium  KulphaLc,  and  ex]ilainc<i  this  us  due  to  thi*  (cn-uttT  insotubitit/ 
o£  the  barium  sulphate.  He  siipjxwed,  ami  corrwtly,  that  the  soluble 
sidphat«  formed  would  begin  to  react  on  the  barium  carbonate,  giving 
th«  very  insoluble  bttrium  sulphate. 

That  such  »  reaction  as  the  above  is  reversible,  was  pointed  oat 
olearl;  by  Halagiiti.*  He  showed  tliat  we  liavc  to  deal  here  with 
two  reactions, — the  one  giving  bsriiim  carbonate  and  potassium  sul- 
phate, and  that  these  then  react,  giving  again  bitrium  sulphate  aad 
potassium  carbonate.     As  the  amount  of  potnssium  sulphate  present 

Iinoieaaea,  the  velocity  of  the  second  reaction  increases,  until  tinally 
the  velocities  of  the  two  opposite  reactions  become  equal.  At  this 
point  we  have  tlie  maximum  amount  of  decomposition  of  the  barium 
aulphate,  which,  under  the  conditions,  it  is  possible  to  obtain. 
'  .  Ualaguti  carried  ont  a  large  number  of  experiments  on  the 
decoiniKi.iitioii  of  insoluble  salts  by  soluble,  but  failed  to  reach  any 
VtTT  wide  grnrralimtion. 
The  Law  of  ReacUonvelooity.  —  In  IBTiO  Wilhelmy*  studied  the 
inversion  of  cane  sii^;:ir  by  nciil.*,  and  discovered  one  of  the  most 
important  laws  in  cheinical  dyn.-uiitcs.  He  varied  the  temperature, 
the  quantity  of  sugar,  the  <iuantit.y  of  iu-id,  and  used  difTetent  acids. 
He  arrived  at  the  restdt  that  fAe  ninoiinU  Irans/nnneti  in  a  i/iiwi  time 
are  proportional  la  Ike  anwunln  prft^nt  at  thai  limn. 

If  both  substances  undergo  change,  the  vclocily  J.*  proportional  to 
the  product  of  the  two  active  masses.     Since,  however,  in  Uie  caw 
of  the  inversion  of  cane  sugar  by  acids,  only  the  cane  sugar  under- 
goes change,  the  velocity  is  dependent  only  upon  the  amount  of  sugar 
Jn  the  solution. 

>  Fogg.  Ann-  M,  4RI  (ISU) ;  M.  96,  SSI.  420  (ISM). 

•vlnn    Chim,  Pttgn.  [:tj.  H,  SM  (1867). 

■  Av^.  Jnn.  SI,4I3(1HOO).    OttvabTt  Kliiuihr,  Ho.  M. 
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Wilhelmy'  fonoiilatod  t1ic»o  i^ktions  as  follows:  "Let  dZ  be 
the  amount  of  swgta  inwrt«il  io  unit  time  dT,  and  let  uh  auunie 
that  this  ia  giwo  by  tho  fo^nuh^ — 

-§=MZS, 

in  which  iV  18  th«  mean  va1u«  of  thn  ioiinitely  Rmall  quantity  of 
siij^ar,  whii'h  Is  tnuiH  form  111  in  unit  lime  by  the  netiou  of  unit  quan* 
tity  of  a4.'id.     {Z  i»  tliv  ainoimt  of  Uio  stigar,  S  that  of  the  acid.) 
"  The  above  equation  givw  on  iiiU'^^^rataon, — 


logZ=-  CmSHT; 
V 

or  eioce,  as  already  shown,  S  ia  constant,  JIT  on  tho  other  hand  ia 
independent  of  Z  and,  therefore,  of  T,  which  should  bo  established 
later  by  experiment,  — 

\ogZ=-MST+C. 
TotT=Q,Z=Z^ 


whence,  log  Z„  -  It^  ^  =  MST,  m  Z=  7^E.  Siuoe  Z„  5,  and  rare 
givoii,  nnd  Z  \»  luiown  by  expcrtniont,  tlie  fonnuta  can  be  used  to 
determine  jV." 

Tliis  work  of  Wilheliny  must  be  regarded  as  tho  foundation  ot 
chemii-'a)  dynamics.  The  relation  which  he  establiahod  is  a  gcueral 
one,  holding  for  the  velocity  of  all  roavtions  in  whieh  only  one  sub- 
stance is  transformed.  Wilhelmy  rccogniMd  that  the  velocity  of 
tbe  rcfictioii  is  largely  influenced  by  tiie  nature  of  the  aeid  usod,  but 
did  not  arrive  at  any  general  relation  lonueeting  this  property  of 
acids  with  any  other  properties.  Lowenthal  and  J^nsscu*  took  up 
tbe  latter  problem  and  showed  that  a  very  interesting  and  iiQ|>orlaat 
relation  exists.  Tho  velocities  wilh  which  aetds  will  invert  cane 
sugar  are  proportional  to  the  stn^ngths  of  the  aHds.  Tiicy  pointed 
out  tbat  since  this  relation  exists,  the  rates  at  which  different  aeida 
invert  sugar  can  l>o  uRwl  as  a  rcjidy  means  of  measuring  the  relative 
strengths  of  acids.  They  determined  the  relative  rates  at  whieh 
a  number  of  tho  more  common  acids  effect  inversion ;  tJie  halogen 
be\A».  and  nitrln  acid  having  the  greatest  action,  while  sulplmric, 
phosphoric,  and  the  organic  acids  invert  much  nlowcr. 

Work  of  Beithelot  and  F^an  de  Saint  Gillea.  —  llerthelot  and 
PAin  do  Saint  (iilles'  investigated  experimentally  the  effect  of  mass 

'  Fogg.  Ann.  II.  *1B  (18S0).        "  Jo<tr».  prakt.  (lu-a.  W,  SSI  (1M8>. 
*  Ann.  Chim.  Phs*.  [SJ,  W.  Z^h ;  «,  G  \  68.  2->&  (iaaS-1863). 
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on  c-JicmKia!  nrtion  by  sttitlj-ing  tiw  fornmtion  nf  nthereal  salu  from 
aloubcilH  nixl  iicids.  T\ii»  n-iu'tioii  is  ]iiirticiihirly  well  ailiijitmt  to 
tlie  iHiqMiso,  since  it  {irocccds  slowly  ami  U-ndit  toward  a  litiiit,  the 
point  of  «iiuiHbnun)  beiii);  dvtorminc-d  by  tlio  unioimt  uf  al<!i)ti»I  or 
plCS<^t>l>  by  tlic  tcnijvrrfitnn',  etc.  Fur  tint  nnor*^,  ttiis  rt'aitioD 
I  tCTttsiblc,  I.e.  the  prodiicls  of  the  first  remtioti  ri-ivt  in  turn  nnd 
give  riao  to  the  originnl  substani-es.  Thus,  an  rtlicruul  salt  and  wator 
react,  and  givo  tlie  alcohol  uiid  acid  from  which  t)iu  othcruid  salt 
was  formed. 

They  found  that  temperature  had  a  marked  influence  on  the 
velocity  of  the  reaction,  llie  same  amount  of  ethereal  salt  being 
foniied  in  leas  than  five  howrs  at  100°,  as  was  formed  in  H5  days  at 
from  G°  to  9°.  Pressure  up  to  80  atjuospherea  had  no  appreciable 
,  inHuence. 

Bertlielot  and  Pilin  de  Haint  Gilles  investigated  also  tlie  effect  of 
'the  nature  of  tlie  oi-id  and  of  the  luuie  ou  tlie  whieitif  with  whifli  the 
ester  is  formed,  and  llie  amount  of  eator  formed  when  equilibrium 
was  reaehed.  With  a  (pvon  alcohol,  the  velocity  of  ester  formation 
decreases  as  the  aeid  Wiomes  more  complex.  With  a  given  acid, 
the  velocity  of  ester  formation  docs  not  vary  ap[>ri'<'i,il)]y  with  the 
compli'xity  of  the  alcohol.  Itcrthclot'  cxim-lmiiid  fmm  their  study 
of  the  velocity  of  eslcr  formation,  that  the  iimount  of  Mler  formed 
in  every  moment  is  proportional  to  the  product  of  tlit;  maitses  of  the 
reacting  substances,  and  inversely  projiortional  to  tlw!  volume,  which 
contains  essentially  the  views  which  wo  hold  to-day. 

From  the  study  of  the  relation  between  tlio  chemical  oompositioD 
of  the  acid  and  alcohol,  and  the  amount  of  c«ter  fornieil,  some  int<T- 
esting  conclusions  were  reached.  A  few  of  Iheir  results  arc  given, 
in  which  different  alcohols  and  acida  were  employed.  The  r«-actioo 
was  allowed  to  proceed  until  the  maximum  amount  of  ester  was 
formed  under  the  conditions.  The  restdts  are  expressed  in  percen- 
tage of  the  theoretical  amount  of  ester  which  would  be  formed  if  the 
resctioQ  went  to  the  end :  — 

B*na  Fcunn 
CjHiO  anilCHjCnOJI 68.0% 

Ctn,o  iuwicn,.rn,,cH,cooH m.8% 

Cjn»o  ftiidr,n,coou «T.o% 

CH,0    »n<l  CfliCOOH 67.*% 

cn,o  sndc.HtCOfm «.«% 

c»iImO  «nd  cn,rooii ra.9% 

CHiiO  and  C,H,COOH  .        .     ' 70.0% 


>  Am.  Chim.  Phft.  [8],  66,  1IU  (18«S}. 
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The  result  is  vei;  surprUing  in  that  ceitber  the  nature  of  th«  rndd 
nor  the  base  haa  aaj  marked  ioflueoce  on  the  amooDt  of  wtttir 
formed. 

The  most  inb>resting  que-ition  studied  by  lt«rlh«Iot  and  Piten  d« 
Saint  Qilles  still  ramainSL  They  varied  the  qnantity  of  alcohol  with 
respect  to  Uist  of  the  acid,  and  noted  the  effect  od  t!ie  amount  of 
ester  formed.  The  following  results  were  obuiniKL  vritti  ethyl 
alcohol  and  acetic  act<!,  E  re{)ieHenting  the  number  of  equivalents 
of  ethyl  alcohol  to  one  of  acetic  atrid :  — 


K 

s 

Km*  Fuusn 

1X6 
1.0 

1.5 

88.6% 

77.U% 
82"% 

4 

13 
19 

SO 

88.2% 

»"%            _ 

W.0%          ■ 

100.0%          ■ 

These  rcsidt«  show  in  a  most  striking  nmiinfr  the  elTect  of  mass 
action.  When  on^tifth  of  nn  equivalent  of  aloohol  is  ngu-d,  only  19.3 
per  cent  of  the  possible  amount  of  egt«r  \x  formed.  Whon  the 
alcohol  is  increased  to  one  equivalent,  the  amount  of  esler  increases 
to  66.5  per  cent  of  the  possible  amount>  while  an  incroaso  in  the 
number  of  equivalents  of  alcohol  up  to  fif^  transforms  all  the  acid 
present  into  est«r. 

This  relation,  which  is  general  for  different  alcohols  and  aoida, 
shows  in  a  nioat  striking  manner  the  effect  of  mass  on  chemical  artiv- 
ity.  Indeed,  few  investigations  have  ever  been  canied  out  in  which 
the  effect  is  so  satisfactorily  demonstrated. 

Siuociation  by  Heat.  —  It  was  early  known  that  many  eumpli^x 
substances  ate  liiokeii  down  by  heat  into  .limpler  pcut«.  Thus, 
caJciitm  cailtouate  is  decnmponud  by  heat  into  calcium  oxido  And 
carbon  dioxide,  ammonium  ehloriilc  '%*  broki^u  ilown  into  ammonia 
and  hydrochloric  ai'id.  Smh  phenomena  art;  known  u.t  <li.i»ociution 
by  heat,  to  distinguish  them  from  the  dissociation  cfTiyrHiil  by  solv- 
ents like  water.  Dissociation  by  heat  was  stu(lii>d  extcnuvely 
about  the  middle  of  Uie  ninetKeutli  century  by  SainlisClaire  IVville.' 
He  thought  that  the  amount  of  decum^uKiitiiin  is  di-iiemUui  iijwn  the 
temperature,  and  introduced  the  coni '(Option  of  di'-uociiitiou-ti^nttiq 
which  is  analogous  to  that  of  vapor-tension. 

I  Crnnpl.  Ttnd.  4S,  SAT  ;  M,  IM,  730  ;  M.  873 ;  00,  317. 
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It  is  a  reiriark&tilo  fact  Hint  from  liis  studii-s  of  ditisociatioD  by 
heat  Devtlle'  wai<  Im)  ta  tiie  (runcltisivi)  that  nuiss  \ia,ii  littk-  or  no 
itifliieiHe  on  i'lifiinifuJ  actiwii.  We  know  to-day  that  tlnsrc  aro  few 
lines  of  iuvesliKalioii  whioh  have  pointwl  so  clearly  to  the  effect  of 
mass  action.  Talc«  th«  wvll-known  cases  of  ammonium  chloride  and 
|)hos]>honi!t  pHilachlonilc.  If  ammonium  chloride  is  vaporiz^^d  it  is 
ileeunij>osed  to  «oin«  oxfnt  into  its  conBtitueuta,  as  was  shown  by 
the  work  of  Pebal,  Than,  and  others;  and  also  by  the  fact  that  its 
vapor-ilensity  is  too  low.  If,  however,  ammonium  chloride  is  vola- 
tilized in  an  atnioicphcre  of  ammonia  or  of  hydrochloric  acid,  the 
vaiMir-di-nsily  corrPsiioiids  much  more  nearly  to  that  calculated  from 
till!  imilcoular  weight  of  the  compound.  This  shows  that  the  (linaoci- 
ation  is  diminished  by  an  excess  of  either  product  of  the  disfiociation. 

The  caso  of  phosplioms  pentachtoride  i^  even  more  striking. 
When  this  comijound  is  volatilized,  it  is  decomposed  to  a  consider* 
able  extent  into  phoapborns  trichloride  and  ctitoriue,  as  was  proved 
by  the  color  of  the  vapor  showing  the  presence  of  free  (chlorine,  tlio 
low  vapor-denaity,  and  by  other  methods.  If  phosphorus  jienta- 
cliloride  U  voIatili>:ed  in  an  atmosphere  (u>ntainiiiK  an  exei'SA  either 
of  phosphorus  trichloride  or  of  chlorine,  the  vajior-density  as  di-lvi^ 
inine<)  l>y  any  of  the  well-known  methods  Is  normal.  This  shows 
twyond  fpicBtion  that  an  exi.-o.ss  of  cither  pTodnct  of  dissociation 
drives  back  the  dissociation  of  pliosphunia  pen taehio ride.  Nothing 
could  defuoniitrate  more  conclusively  the  effect  of  mass  action. 

Thermal  Change*.  —  At  this  stage  the  study  of  chemical  affinity 
took  an  entirely  new  turn.  Up  to  this  time  attention  had  been 
directed  almo.tt  exeUisively  to  the  material  chan^-es  which  take  place 
in  chemical  reaetions.  The  nature  of  the  substances  before  reaction, 
the  velocity  and  amount  of  the  reaction,  and  the  nature  of  the  prod- 
ncta  had  lM>(<n  studied  at  length.  This  is  what  we  would  expect, 
sinC4f  the  tmnsfoimationsof  matter  are  the  moat  obvious  results  of 
rhomica)  reactions;  and,  further,  are  the  mail  readily  studied. 
There  is,  however,  an  entirely  different  set  of  diangeis  going  <m 
whenever  there  is  chemical  action.  It  was  early  observed  that  when 
we  bare  chemical  activity  we  have  thermal  chauf^s  —  heat  being 
eitlier  evolved  or  absorbed,  nsitally  evolved.  ,\tientiou  was  directed 
about  the  middle  of  the  century  to  a  quantiutive  study  of  these  tJier^ 
mal  changes  as  a  means  of  throwing  liglit  on  the  problem  of  chemi- 
cal afiiuity. 

This  field  was  opened  up  in  1854  by  Julins  Thomsen,*  who  sought 


>  U;ont  nr  ta  diuvefeiiua,  fails,  ISCd. 
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to  iBMBure  chemical  offioity  by  means  of  tho  htat  irvolvvd.  Tlioin- 
wa'a  work  is  biisvd  upon  this  fundannniuO  proiKMition,  "  Wis  can 
now  mcasuTO  in  absolute  uniu  tlii?  tuagnitudo  of  tho  force  nhich  is 
derelopod  in  tb«  fonoatioo  of  a  compound ;  it  is  equal  to  the  amount 
of  heat  which  is  evolved  in  the  formation  of  the  compound.''  Al- 
though we  know  to-day  that  this  proposition  loaves  out  of  account 
a  niunber  of  factors,  yet  it  is  a  Teiy  important  st«p  in  the  ngbt 
direotioii. 

A  great  advance  in  the  application  of  therm ocbemical  methods 
to  the  proMcm  of  domical  afflnitj  was  made  by  Itettbelot'  He 
began  his  work  in  18C7,'and  during  tlie  next  fifteen  or  twemy  years, 
irith  th«  coil |wrikt ion  of  hi»  Htudents,  im]>roved  thermochemical- 
mulbods,  and  uiadc  an  enormous  number  of  tbermoohemical  dcter- 
mi  nations. 

As  tilt!  result  of  this  extended  inveittigution,  Berthelut  arrivM 
at  tim  fuHnwiif^  gi'ii<;r.i]i?.ati»n,  whioh  has  come  to  be  known  ns 
the  Thint  {'rinrifilp  q/  T/trrTtturli/ntmUe»,  "  Krery  cli«niioal  cliaiigo 
which  Utkvs  pliuw  without  tlitt  aid  of  cxtcnial  energy,  tends  to  fonn 
the  Bubstance,  or  system  of  substances,  which  erolvc-s  the  mutt  beat." 
Although  there  are  insny  apparent  excpptioDS  to  this  wid«>r«achuig 
gonctatizalion,  yet  the  nnnibcr  is  nOativdy  not  as  )(rcat  as  we  might 
uxpoc-t  from  the.  unnecessarily  severe  criticism  to  which  this  prin- 
oiple  has  bcicn  subjected.  As  has  been  stated,  it  uudoabtvdly  con- 
tains th"  ficrm  of  a  creat  truth. 

WUliamson's  Views  on  Chemical  EquUibhnm.  —  One  other  inves- 
tigation must  bo  referred  to  in  this  connection, — that  of  Williamson 
on  the  synthesis  of  ether  from  alcohol  and  sulphuric  acid.  This  has 
already  been  considered  in  connection  with  tjie  origin  of  tho  theory 
of  electrolytic  dissociation,  but  its  beariug  on  chemical  equilibrium 
is  of  piMwh.makiMK  importance. 

Before  thin  time  chemical  equilibrium  was  regarded  as  siatie. 
When  c'jtiilihrtiitii  was  rcaihed,  the  greater  forces  overcame  the 
smaller,  and  the  tatter  were  uii;d>le  lu  eCfeet  any  IraDstonuation, 
being  completely  overpovrcred  by  the  greater. 

Williain.sdn*  rcpirdcd  tho  formation  of  ether  from  alcohol  and 
siilpbviric  ai'iil  as  tiilcing  place  in  two  stages.  In  the  liist  st;^^  the 
hydrogen  of  tho  sulphuric  acid  was  replaced  by  the  ethyl  group.  In 
the  second  tliu  ethyl  in  ethyl  sulphuric  acid  was  replaced  by  hydro- 
gen.   The  reaction  in  one  direction  waa  the  reverse  of  t^iat  which 


>  Ettat  dt  MiMnbjuf  ChlmSint.  '  Conijit.  whA  M,  413. 
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took  ]>Uo«  in  tlie  ojipoHito  direction,  but  both  rcuctious  wciv  going 
on  siniulloiii'iiusly.  If  lliiA  rcct{)roeal  t-xclmngc  of  pajis  cati  take 
pkce  will)  atoms  or  groups  whicJi  am  iiiOikc.  so  luui-h  the  more  can 
it  t-iko  [ilactf  with  siiiiilur  atoms  or  (groups.  Detweeu  tlie  molecules 
of  iiny  givfii  coinpouiid  tlivie  is,  then,  a  continual  iutercliaiiKe  of 
parts  taking  place ;  a  givcu  atom,  which  nt  any  moment  forms  part 
(rf  onv  molecule,  may  the  next  moment  form  part  of  an  entirely  Hit- 
fnrvnt  molecule.  Saya  Williamson,  '■  In  a  vessel  coiitaiuini;  hyilro- 
ctiloriu  acid,  we  must  not  regard  the  hydrogen  alums  as  fixwily 
combined  with  the  chlorine  atoms,  but  any  one  liydrogen  atom  may 
take  the  place  of  any  other  hydrogen  atom,  being  now  oombin«d 
with  one  chlorine  atom  and  now  with  another." 

This  conception  of  the  condition  of  things  when  oquilibrium  is 
reached,  is  fundanientally  diSeieut  from  the  older  or  Kt-atical  view, 
wbieh  regarded  tlie  atoms  as  fixedly  combined  iu  molecules.  This 
view  of  equilibrium,  whore  the  atoms  are  continually  chiinging  part- 
iMri,  as  it  wct^,  wo  will  call  the  dynamical  view.  Kqiiilibrium  is 
then  dynamic,  not  static,  the  oondltion  which  must  be  fulfilled 
being  that  the  same  numbt^r  of  traoK  form  a  lions  must  take  place  in 
one  scitso,  i»  a  given  time,  as  taktt  place  in  the  opposite  sense.  We 
xhall  see  that  this  lies  right  at  the  foitiulation  of  our  present  concep- 
tion of  ch<>mical  ctiiiilibrium  in  gcnrml. 

As  has  nln-aily  bi-eii  mentioned,  Claiisius '  proposed  a  theory  simj- 
in  kind  l"  that  of  Williamson,  but  very  different  in  degree.  Ac- 
ling  to  ClausiuH  it  is  only  necessary  to  assume  that  a  few  of  the 
molecules  are  broken  down  into  parts,  which  then  exchange  placet 
with  similar  parts  of  other  molecules.  This  is  also  distinctively  a 
dynamiciil  eoncoption  of  the  condition  of  equilibrium. 

These  dynamic  conceptions  wore  applied  by  Pfaundler*  to  db«o- 
ciation.  A  vapor  dissociates  more  and  more  the  higher  tin?  tcmpvm- 
tore,  duo  to  the  fact  that  more  and  more  moleculeit  are  brought 
into  the  condition  where  they  break  down  inta  their  constituents. 
At  the  same  time  a  reunion  of  these  conatltuentji  is  taking  p)ac«.  If 
the  t4-uiperaturL<  i»  kt^pt  constant  at  any  ]ioii]t.,  eiiuilibriiim  will  be 
eRtablixhed:  but  thi.t  oiiuilibriuui  in  ityiiuinii',  nuik'iniUis  undergoing 
decompoaitini)  all  llic  while,  and  other  molecules  being  formed  from 
the  decomposition  products.  The  condition  of  equilibrium  is  that 
in  ft  given  unit  of  time  the  same  number  of  molecules  ore  decom- 
posed as  are  reformed. 

In  terms  of  these  dynamic  conceptions  we  can  sm  how  mass  oao 


■  Fttgg.  Ann.  101, 338  (18&7). 
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biiv«  an  inRuiMicc  on  i-licjui«al  activity.  Tbe  luger  Ibe  namber  of 
inrtx  [jixtsitiit  the  muru  fmiu«utl}'  Xh«y  coinu  In  contact,  and,  coqs^ 
qncDtly,  iIh)  grvatcr  the  chutoical  niActioiL 

With  tliis  brief  historical  skittch  we  shall  now  tnni  to  a  closer 
study  of  a  gvneialization  which  imd«rlics  all  climaicnl  dynamics 
ud  atatace,  —  Ute  Law  <4  Mtua  Aetioiu 


TIIE  LAW  OF  MASS  ACTIOS 

The  Work  of  Oaldbei^  and  Waage.  —  Gul<lbnrg,  who  was  later 
profrKsur  Qf  ii]i])1i<-'i  iiiutlii.-tiiAtir^  at  th<!  Univursily  of  Clinatiania, 
and  WaUji^r^,  |inifi-.ui.r  of  tln'mititry  at  Uiii  same  iuittitulion,  were  tJie 
fint  to  nuithi-iiiat.ii'iUly  fortmilikti^  (h<'  eftvel  of  tmiM  on  oheinical 
activity.  Tlmir  lir«t  {in-limitiary  paper  vrax  ]niblishK!  in  Norwegian 
in  1864.  Tliuir  rjioch -making  jmiHrr'  iippi-an-d  in  186".  In  th«  first 
part  of  tlicir  [lujwr  tboy  review  the  thcorirs  uf  affinity  n'hi<.'li  had 
been  held.  1'ho  views  of  Sergmaim  and  Ucrtholli-t  arc  takou  up,  and 
it  is  pointotl  out  that  neither  is  sufficient  to  account  for  all  the  facts 
known.  They  attribute<I  this  to  the  lack  of  a  s«iilabte  m<-lhed  for 
determining  the  njaguitude  of  aflinity.  They  point  out  that  the 
method  of  Itcrgmann,  basod  on  the  asaumptiou  that  if  the  substance 
B  replaces  V  from  a  eomijound  with  A,  giving  the  compound  AB, 
the  affinity  between  A  and  B  is  greater  than  between  B  and  C,  i*  not 
aatiafactory,  since  this  a&suniption  leaves  out  of  account  a  large 
number  of  conditions  which  affect  th«  rcftclton.  The  altem{it  to 
UBasure  tbe  magnitude  uf  chemical  afflnily  by  the  heat  evolved 
during  the  reaction  was  regarded  as  iin.iatisfiu'lory,  becattse  it 
pends  ill  part  upon  the  condittotis  under  which  the  reaction 
place. 

Gnldbcrg  and  Waagit  jxiiiit  out  that  in  chemistry,  as  in  meuhsnic*^ 
we  muHt  »tmly  fon'es  t>y  ttieir  olfccts,  and  the  most  natural  method 
is  to  determine  forces  in  the  condition  of  equilibrium;  "that  is  to 
sny,  we  must  study  the  chemical  reactions  in  wliieh  the  forces  whteh 
produce  new  compounds  arc  held  in  eiiuilibrium  by  Other  forces. 
Tliis  is  the  c;ise  in  the  chemical  reactiouii  where  the  reaction  is  not 
complete  but  {>artial,  i.e.  in  the  reactions  where  — 

"(fi)   Addition  and  decomposition  take  place  at  the  same  time^ 

and  where, 
"  (fi)   Substitution  and  reformation  proceed  simuhuieoosly." 

'  tnvfxtigattont  on  Chtmtcal  AfflnUitt.     UnlrMisity  pn^nnin  for  tbe 
Mm'.>Mcr.     Sec  oka  OtCuxiM'*  Klauiltr,  No.  IM.     I^itisl  by  it.  Abegg. 
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The  fluthora  do  not  take  up  in  t!iU  pa^mr  the  case  of  additiou 
and  decomjioaitioii,  or  dUHOciatioii,  HJuce  tita  data  available  are  not 
sufficient,  tml  di^vclop  Uio  law  of  mass  actiuti  fmni  a  Hliidj-  of  the 
iteootid  c-liws  of  n'ltvtiong,  vijt.  siilMlitiitioii. 

In  the  dvvelopmont  of  the  law  thuir  own  words '  nre  givi-ii :  — 

"  Lrt  us  assume  that  two  substances,  A  aiid  Ji,  uru  tiansfoiined 
bj  cloublc  substitutiou  into  two  new  substaiic«H,  A'  and  B';  and 
under  the  same  ooDditions  A'  and  If  can  trtinKl'orm  themsi^tvos  into 
A  and  B.  Neither  the  formation  of  A'  and  It'  nor  the  reformation 
of  A  and  B  are  complete,  and  at  the  end  of  the  Teaclion  we  have 
the  four  sn^jstancea  present  A,  B,  A',  and  B'.  The  force  wliiirh 
causeis  the  foNualiou  of  .1'  aud  B'  is  in  equilibritim  will)  Ihat  which 
causes  the  formation  of  A  aiid  B.  The  force  which  caiuteH  tlie 
formation  of  A'  and  Ji'  increases  pioportiunal  to  tin'  affiiiily  cw?ffi- 
cienta  of  the  reaction  .1  +  B  =  .1'  +  B',  but  it  ili-pcinl.i  also  on  the 
maases  of  A  and  B. 

"We  hare  learned  from  our  experiments  that,  thrfonv  i» propor- 
tionallo  the  prwlwt  offht  iirtivp  vuiaxv:!  nf  the  two  *uluitan<x»  A  and  B. 

"  If  w«  dcstjj^ato  tho  uctire  masses  of  A  and  Bhy  p  and  q,  and 
Ute  afRnity  coefficient  by  K,  the  forca  =  K  .p.  7. 

"Ki  w«  have  oft«n  observed,  the  force  Kpq,  or  the  force  bctweea 
A  and  S,  is  not  the  only  force  which  comes  into  play  during  the 
reaction.  OtJicr  forces  tend  to  retard  or  accelerate  the  foimation  of 
A'  and  B'.  Let  us,  however,  aaauuie  that  other  forces  do  not  exist, 
and  let  os  see  what  formula  is  developed  in  this  case.  We  believe 
that  the  consideration  of  tliia  idt^al  reaction,  where  only  the  forcea 
between  A  and  B,  and  Iwlwetfn  .-1'  and  B'  are  takeu  into  account, 
will  fHrnisli  the  reader  vritli  a  clejir  aud  liisllnct  presentation  of  our 
theory. 

"  Let  the  active  ui,ikx>-»  of  ^-1'  and  /('  !)!•;/  and  9',  and  the  affinity 
coefficient  of  thi^  n-aolioii  .1'  +  B'  =  A -k^  B  Ije  A'' ;  the  force  of  the 
reformatioQ  of  .1  and  B  is  eqiuil  to  K'p'</'.  This  force  is  in  equilib- 
tiiun  with  the  first  force,  <!Ons«^t|u«ntly,  — 


Kpq  =  KY<,: 


(1) 


••Bydotemiining  experimentally  the  active  masses;),  q,p',isiA  9', 
wo  can  find  the  relation  between  the  affinity  coeffieieula  A'  and  A''. 

On  the  other  hand,  if  we  have  found  this  relation  ., ,  we  can  calcu- 
late the  resole  of  the  reaction  for  any  orif;inal  condition  of  the  four 
substanoea." 

>  (MMo/if*  KlattiktT,  IM.  20. 
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Guldbcig  and  Waage  then  develop  tli«  following  raUtioRH :  — 
"  if  we  deeignate  by  P,  (J,  P",  aod  Q',  the  abaolute  uiUKea  of  the 
foar  euhataiiicn  A,  B.  A',  and  B",  before  the  reaction  liegiufl,  uod  let 
»  be  the  ntunber  of  at4>ina  of  A  and  B  which  are  (nuufonuvd  into 
A'  and  B',  au<t  if  we  ]et  the  total  roluiue  V  during  ttie  rvaoLitni  be 
constant,  we  have  — 


P= 


P-x 


V 


7=^. 


i/  = 


I'  +  x 


V 


"  By  inserting  these  values  into  equation  (1^  and  malti[>Iyiug  1^ 
P,  we  have — 

iP-x){q-x)=^il'  +  »)i<i'  +  x).  (2) 

"  By  the  atd  of  this  equation  the  value  of  x  can  be  eajtilr  deter- 
mined. 

"  If  the  two  substanws  .4  and  A'  ])re<terve  a  L-o«stant  M-tivt-  mass 
during  thv  reaction,  and  both  huvo  ucjiuil  value,  formula  (^)  becomes, 


"  From  whicli, 


Q-x  =  ^iQ'  +  x). 


X  = 


1  + 


a: 


(3) 


"This  case  is  approximately  realized  if  ^  and  ^' are  aolids,  while 
B  and  B'  are  liquids." 

fJuldberg  and  Waage  tested  their  law  by  letting  A  represent 
barium  sulphate.  B  ]>otaasium  carbonate,  A'  barium  carbtmate,  and 
B'  poia-isium  §ulphate.  They  etmlied  thia  reafitioii  ex  jieri  men  tally, 
using  different  quantities  of  barium  siiljihate  and  potasjduin  cairixy 
nate  (givtuj*  dltferent  values  tu  Q  and  Q'),  aiul  <tetermin«>d  the  value 
of  X  in  e:ich  catto.  They  then  calculated  lliv  values  of  2  from  tbuir 
deduction,  and  showed  that  the  two  sets  of  valuca  agreed  very 
satisffu^torily. 

I'liu.t  originated  the  law  of  mass  action,  which  lies  at  the  fouuda- 
tion  of  chnoiical  dynamics  and  equiLibrium. 

i]iildb<>rg  lukd  Waagp  point  out  that  these  equations  hold  only 
for  idmi  rtiMions,  which  probably  seldom  exist  Th«y  then  con- 
sidcr  tht^'  other  forcGS  whii.-h  inanifrat  themselves  during  the  reac- 
tion. Thus,  side  reactions  t^e  plai-e,  giving  rise  to  other  products 
which  may  i-itluT  accelerate  or  retard  the  original  reaction.  Again, 
some  of  the  sultetanccs  present  may  be  in  a  different  state  of  aggre- 
gation from  the  rciniiinder  —  we  may  hare  solids  aa  well  as  liquids 
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enterint;  into  tlie  teactioti.  Thette  iuid  iniinjr  oUicr  influences  may 
come  into  play,  aud  all  of  ihviu  liikvc  to  bo  livki-ii  into  uccoant  in 
applying  ihe  law  of  mass  aclicm  to  chfmii!al  ri-actioiis.  The  r»- 
munder  of  this  i>a])eT  is  devoted  to  a  dtJEcription  of  PxpeTimental 
data  which  1)ear  upon  the  (.^oiTcctiit^ss  of  this  law. 

In  anotlit^r  im|iorUnt  contribiitioii '  in  187y,  Oiddberg  and  Waage 
took  nji  thi?  ap|>licatioii  of  their  law  to  more  special  eases,  suph  as 
where  one,  two,  or  three  of  the  substances  are  insoluble,  or  where 
on«  oi  more  of  the  Hubstanc^s  is  volatile.  Such  eases  of  heterogeneous 
reactions  will  b".'  consi'lcrcii  in  the  pio[W'r  jiliwe. 

Fundamental  Equationa  of  Chemical  Dynamic!  and  EqnilibriojD.  — 
The  fundamental  conception  which  underlies  tli«  appHeation  of  the 
iftir  of  mass  action  to  cheiniciLl  dynamics  and  e(]iiilibrinm  is  that 

ttons  iue  reverKJIilo.  ^1  and  It  riuict  and  form  A'  and  if',  and  at 
same  time  A'  and  B'  rimrt  and  refonn  A  and  B.  This  is  per^ 
feetly  general.  It  may,  however,  happen  that  one  or  more  of  th« 
products  is  insoluble  or  gHSCoiis,  and  escapes  from  the  field  of  aetiot), 
which  is  the  same  as  to  say  that  its  active  mass  is  reduced  very 
nearly  to  zero ;  but  these  are  special  cases  where  the  velocity  of  the 
reaction  in  one  direction  is  very  great  compared  with  the  velocity  in 
the  other  direction. 

Starting  with  th(>  fundamental  conception  of  the  reversibility  of 
reactions,  the  velocity  of  any  given  reaction  aa  we  ordinarily  iinder- 
atand  it  is  tlie  dilTerenoe  between  the  velocity  in  one  dirt-ction  and 
the  velocity  in  the  other  dirwtion.  Thus,  the  velocity  with  which 
an  estvr  is  fonncd  is  really  th«  velocity  with  which  the  alcohol  and 
acid  combine  to  form  the  rstcr  and  water,  minus  the  velocity'  with 
which  the  ester  and  water  react  to  reform  thr  alcohol  and  acid ;  in  a 
word,  it  is  the  rate  at  which  the  amount  of  esU'r  aceiimulates. 

If  we  represent  the  velocity  with  which  the  alcohol  and  acid 
combine  by  t*,  this  would,  in  torma  of  mass  action,  b^  equal  to  cpf, 
where  p  and  '/  are  the  active  masses  of  the  alcohol  and  acid  (v  =  cp9)- 
If  we  If  pr«'si'nt  the  vcloi-ity  with  which  water  and  ester  react,  form- 
ing acid  and  alcohol,  by  i^  in  terms  of  mass  action  this  woiUd  be 
equal  to  e,}>/ii.  p,  and  q,  being  the  active  masaea  of  the  ester  and 
w«t«r.  The  velocity  of  tho  reaetion  as  a  whole  V,  would  be  the 
difference  between  these  two  velocities,  — 

r  =  W  -  W,  =  cpg  -  c  J)W^ 

This  is  the  fundamental  equation  which  underlies  all  chemical 
dynamics. 

1  Journ.  prakt.  Chem.  S.  T.  19,  OO  (isni). 
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In  terms  of  llic  principle  of  rerersibl«  reactioua  Ute  ooDCeption 
of  eqaiUbriiuii  Imk^hivs  wty  Btmple.  It  is  biit  a  special  ca^n  uf 
dynamics,  wherv  tho  two  opposite  reactions  have  equal  relocitiea  — 
where  v  =  Vf     When  this  i»  the  case,  — 

and  this  18  tJie  fundamental  equation  of  cbentioal  equIlibriuiiL 


CHEMICAL  DYKAMICS 

Velocity  of  Reactions,  —  We  have  s«on  that  th«  fundamental 
equation  for  the  vclocitj  of  a  reaction  is,  Vssv—Vi  =  (^  —  C,p^i, 
the  actual  velocity  being  the  difference  between  tho  vrlocities  of  tho 
tvo  oppo9it«  reactions.  The  study  of  the  Telocity  of  reactions  is 
tery  maoh  simplified  by  selecting  those  which  proce«d  with  very 
great  velocity  in  tlie  one  direction,  and  very  slowly  in  tho  opposite 
direction.  In  such  canes  the  negative  member  of  the  above  equation 
disappears,  and  tlie  velocity  which  we  actually  measure  is  simply  tlie 
prod  net  of  the  active  masses  of  the  substaDoes  reacting  into  the 
coefticii'iii  C. 

Honomoleoolar,  or  First  Order  Reactions.  —  A  reaction  in  which 
only  one  sub^tiincu  uiulcrgocs  change  in  concentiation  (which  is  the 
same  lu  t»  say  whose  active  ma«H  changes)  is  tensed  a  moaomoJccufor 
reaction.  If  .4  is  tlie  original  amount  of  such  a  substance  prrsent, 
and  if  x  of  it  is  transformed  in  time  t,  tho  velocity  of  tniisforination 
is,  from  the  law  of  mass  aotioOf  — 

dx  is  the  Kmall  .imoitnt  transformed  in  the  small  intoml  of  time  dt ; 
C,  the  velocity  ooefllcient,  is  a  constant.     Inlogrotlng,  we  havo^ 

—  lit  (^  —  jb)  =  CK  +  const. 

At  the  beginning  of  the  reaction  ( =  0,  «  =  0,  and  we  have  — 

—  In  ^  =  const, 
Ui^-In(vi-i)=0, 

C  =  lln-A_. 
(      A-* 

Inrenion  of  Cane  Saggar.  —  One  of  tlw  simplest  examples  of  a 
reaction  of  the  first  order,  or  a  monomolecular  re:u;tion,  is  the  inver- 
sion of  cane  sugar  by  acids.     When  au  aqueous  solution  of  caoo 
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sugar  Is  tr«at«il  with  aii  a«i(l,  it  breaks  dovu  io  tlio  muse  of  tirn 
following  C([uatioR ;  — 

C,,U^,,  +  H,0  =  0,HuO«  +  O.HuO. 

ft  molecule  of  cane  sugar  taking  np  n  moleoiile  of  vmtvt  iui<l  broaking 
down  into  n  molecule  of  gluoi^se  and  a  molecule  of  fructose.  The 
cajie  sugar  in  the  only  l«ub^t;lllee  which  chnnges  concentration  to  an 
appreciuble  vxlunt,  since  the  wut«r  wliicli  is  usud  up  iu  the  reaction 
is  BO  small  OS  compared  with  tlie  total  water  present  as  solvent  that 
it  can  be  ne^loctod. 

This  reaction  is  unusually  simple  to  study  since  cane  sugar  rotates 
the  piMie  of  polarization  to  the  right,  while  the  products  of  inrer- 
B!on  rotate  the  plane  of  polariaation  to  the  left.  By  measuring  the 
amount  of  rotation  \>y  means  of  a  polariiuoter,  we  can  t«ll  at  any 
moment  how  much  of  the  sugar  has  been  inverted  without  interfer- 
ing with  the  reaction.  Petenuining  x  in  this  manner,  observing  t, 
and  knowing  A  the  amount  of  sugiir  with  wlnub  we  started,  we  sub- 
stitute these  values  in  -  In  --.  — 
t     A~x 


is  obtained,  as  I,  and,  consequently,  r,  vary, 
few  of  the  results  which  were  obbuned:  — 


=  const., and  see  whether  a  constant 
The  following  are  a 


1 13  Umnu 

1,      J 

1  a  Unvna 

}"74-. 

16 
U 

106 
1B0 

o.iX)i.irtO 

0,W)13« 
0.001S7I 
O.U01ST8 

!40 
330 
610 

0.00 13M 
0.001 4rSA 

0.00  una 

0.001386 

In  aotual  practice  it  is  more  convenient  U>  use  the  Briggsian 
logarithms.    Tliis  is,  of  course,  0.1343  times  the  natural. 

It  should  be  mentioned  thnt  the  aWive  filiation  for  the  Telocity 
of  invercion  of  cane  sugar  was  deduced  and  tested  experimeutallj 
by  Wilhelmy,  before  the  law  of  mass  action  was  developed-  The 
dednction  was  based  on  the  assumption  that  the  amount  of  sugar 
inverted  in  imit  time  is  proportional  to  the  amount  of  unaltered 
augar  present  at  that  time. 

The  above  eiiuattoTi  has  been  tested  for  a  number  of  monomole^ 
ular  reactions,  such  ha  the  decomposition  of  arsene  into  anentc  and 
hydrogen,  the  formation  of  liydrocfalorio  add  and  oxygrn   from 
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chlorine  water,  thr  rodtiction  of  i>otUMiutu  i>cr[iULUgaiuite  by  a  large 
excess  of  oxalic  acid,'  et«. 

Catalyiia.  —  In  order  that  the  iiivcnion  of  eiuw  sngar  shonld 
t&kc  pisice  with  any  cooEidenibK'  velocity,  it  is  tMoeSMiy  tUut  iin 
acid  should  be  present,  yet  the  acid  does  not  sntvr  M  such  inlo  tiiv 
reaction,  Such  reactions  are  known  as  eatal'itic,  and  the  substance 
whose  pTeseoce  is  necessary  to  effect  the  reaction  is  called  the  eata- 
lyxer.  The  more  couoentiated  the  acid  the  more  rapid  the  inversion, 
but  the  yelocity  is  not  exactly  proportional  to  the  concentration. 
The  Rtrong  acids  invert  much  more  rapidly  than  the  vrak.  The 
presence  of  a  neutral  salt  increases  the  velocity  of  inversion  pro- 
duced by  the  atroni;  acids,  and  diiuiuishes'  the  velocity  of  ioveraion 
of  the  weak  acids. 

Since  the  priwenec  of  an  acid  is  nwressary  to  produce  aay  appr»- 
cialile  iuviTsion  of  eanc  svigar,  and  since  all  ai'ida  cITrct  the  inversion, 
wc  would  tiis]>crt  thnt  the  cataljipr  in  this  case  wa»  a  coiwtitnrnt 
common  to  nil  airids.and  such  is  the  fact.  The  hydrogen  ions  are  the 
cat«Iyicrs,  ami  llie  velocity  of  inversion  is  approximately  propor- 
tional to  the  concentration  of  the  hydrogen  ioiis  present.  This  is 
the  same  as  to  say  that  the  catalytic  action  of  different  acids  is 
proportional  to  their  strengths,  since  the  strength  of  an  acid  is  pio- 
portional  to  the  amount  of  its  dissociation.  Kx)ieriinent  has  shown 
that  the  velocity  of  inversion  is  roughly  proportional  to  the  strengths 
of  the  acids  used. 

It  is  not  surprising  that  there  is  not  exact  proportionality,  since 
many  influences  may  come  into  play  which  affect  the  catalytic  action 
of  the  hydrogen  ions.*     We  have  already  seen  the  influence  exerted 
by  a  neutral  salt,  and  other  molecules  and  especially  ions  may  exert   _ 
a  marked  influence  on  the  catalysis.  I 

Not withstau (ling  all  of  these  influences,  it  has  been  shown  by 
Trevor*  tliat  the  inversion  of  cane  siitcar  is  a  very  ftcnsitive  meaoB 
of  detecting  the  presence  of  liydrc^^en  ions. 

We  can  see  from  the  above  example  what  is  mnnt  by  catalysis. 
In  order  that  a  siibittance  should  act  as  a  catalyzer  two  conditions 
must  be  fulfilled.  It  must  not  eol«r  into  the  reaction,  and  a  very 
small  quantity  of  the  catalyzer  must  be  able  to  transform  a  dispro- 
portionately large  quantity  of  the  substance.  From  this  it  seems 
very  probable  that  the  action  of  catalyzers  is  «  surfoee  action,  and 

1  Harcourt  and  Etarn :  Phil.  TYan».  1M8,  198. 
^  Jauni. pmkt.  Chtm.  |a],  3B,  33  (188S). 
'  AttIiodIiis:  Zlufhr  phj/i.  Chem.  i,  838  (1880), 
*  Zt»c\r.  pkv*-  Chen.  Ifl,  321  (1892). 
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that  all  the  phenomena  of  catalysis  are  very  closely  connected  with 
surface  energy.  At  preseut  we  are  not  able  to  analyze  the  phenom- 
ena of  catalyais,  or  to  explain  in  any  detail  the  action  of  a  catalyzer. 
Other  Cfttalytlo  Actios  of  Hydrogen  Ions.  —  If  an  enter  xuch  as 
methyl  aceute  is  mixed  with  water,  the  following  reaction  takes 
place  :^ 

CH,C0OCH,  +  H^  =  CH.COOH  +  CH4O. 

If  there  is  a  large  amount  of  water  present,  the  reaction  proceeds 
practically  to  the  end,  nearly  all  of  the  cater  being  decomposed;  but 
the  reaction  proceeds  very  slowly  in  the  prcacnco  of  water  alone. 

If,  however,  an  acid  is  added,  the  velocity  of  the  reaction  is 
increased;  and  if  the  acid  is  strong,  the  velocity  is  very  greatly 
acoeleiated.  The  velocity  of  this  reaction  is  determined  by  remov- 
ing a  measured  volume  from  the  solution  from  time  to  time,  and  titrat- 
ing the  acetic  acid  set  free  during  the  reaction. 

A  large  number  of  such  reacUoiitt  were  studied  by  Ostwald,'  who 

1           A 
showed  that  -  In  is  a  constant.    This  proves  tliat  the  reaction 

mtioomuVoiilar,  i.r.  tliitt  duri:ig  the  reai^.ion  only  one  siihstance 
langes  con ««it ration,  Tlierefure,  aiucu  the  hydrogen  ions  of  the 
wid  do  not  enter  into  tlii!  rcai^tion,  and  since  a  comparatively  small 
quantity  of  iona  can  k^wX  the  decoia|>nsition  of  a  large  amount  of 
ester,  they  act  c;it,ilytically. 

Catalytic  Action  of  finely  Divided  Metals.  —  A  numbt^r  of  inteis 
esting  experiments  have  been  recently  carried  out  by  Dredig,  with  the 
eoOperation  of  Von  Iterneck,"  Ikeda,'  and  Iteinders.*  These  authors 
have  studied  the  catalytic  action  of  finely  divided  metals,  and  have 
pointed  out  certain  aurdogies  between  tliem  and  organic  ferments. 

The  metalx  were  <ibtaiiied  in  a  fniely  divided  state  in  water  by 
brining  two  bars  of  tlie  nirtal  close  tc^gL-thor  under  wat«r  and  paMt- 
ing  an  cloctric  current  between  the  bars  under  the  wat«r.  (See 
p.  '132.)  The  inctal  was  torn  off  in  snch  a  fine  state  of  division  tliat 
the  solution  appeared  to  be  perfectly  homogt-neona  when  examined 
under  a  powerful  microscope.  Such  a  solution  was  shown  not  to  be 
a  true  solution,  nnee  neither  the  fr«ezing-point  nor  vapor-teniioo 
of  the  solvent  was  lowered.  This  belongs  then  to  the  class  of 
tolutions  known  as  colloidal. 

By  this  metlio<l  solutions  of  platinum,  iridium,  gold,  silver,  cad> 
mium,  etc.,  w«ro  prepared. 


■  Journ.  praki.  Chem.  M,  440  (USS). 
*  ZitcltT.phft.  Ch*m.  II,  ii&  (un). 


*  nti.tr,  1  (1901). 

*  AU.  n.  au.)  (1001). 
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Such  solutions  of  the  metals  act  caul^ti collar,  eSecttng  a  nninbec 
of  reactions  similar  to  those  brought  about  by  organic  fermeuts. 
The  authors  showed  that  tho»c  n?']u.-tiuus  are  truly  catalytic,  by 
demonstrating  that  they  arc  roavtioni!  of  the  lirst  order.  The  reac- 
tion which  they  studied  in  detail  was  the  decomposition  of  bydrogen 
tiioxiite  by  a  colloidal  solution  of  platinum.    They  studied  the  relocity 

of  the  decomposition  and  found  that  -  !n was  a  cotistaat, 

aod  thtri'forc  th«  reiLCtion  was  oE  the  first  order.  It  is  known  that 
organic  fermcnbi  not  catalytically- 

The  most  striking  aiinlogy,  however,  between  tlie  action  of  these 
colloidal  fiulutiuus  of  the  metals  and  organic  ferments  is  found  to 
their  behavior  in  the  prcisenoe  of  certain  jwisons.  It  is  well  known 
that  mere  traces  of  certain  Kubetances  oru  Giiflicient  to  prevent  the 
action  of  organic  ferments ;  these  ferments  are  poisoned,  as  we  say. 

Bredig  aJid  his  pupils '  have  shown  tliat  the  merest  trace  of  certain 
substances  is  flufficient  to  greatly  diminish  the  catalytic  action  of  the 
platinum,  and  in  some  cases  to  destroy  it  entirely.  Thus,  a  gram- 
molecular  weight  of  hydrogen  sulphide  in  ten  million  litres  of  water 
greatly  diminishes  the  action  of  tlie  colloidal  solution  of  Uie  metal. 
And  the  same  effect  is  produced  by  a  grani-molecul&r  weight  of 
hydrocyanic  acid  in  twenty  million  litres  of  water,  and  by  a  number 
of  other  substances  in  very  small  (juautity. 

Bredig  and  Reinders '  have  inaili-  tui  elabomt«  study  of  the  action 
of  "  poistins  "  oil  the  oolloidiil  solution  of  jilntinum,  and  haw  found, 
in  gniierul,  that  thiLte  substances  which  are  most  poisonous  to  the 
organic  enzymes  are  most  "  poisonous  "  to  the  metal.  Some  excep- 
tions were,  however,  jioiutcd  out;  but  no  one  can  examine  tbe  results 
obtained  without  being  impressed  by  the  large  number  of  agreements. 

lircdig  is,  however,  careful  to  point  out  in  his  recent  pamphlet 
on  this  subject)  that  the  analogy  whi<^b  they  have  discoverwl  is  only 
an  analogy.  Ho  does  not  think  that  Uicre  is  any  identity  between 
the  action  of  the  two  classes  of  substances,  which  arc  themselves  so 
different.  To  quote  bis  own  words:  "All  these  facts  point  to  an 
unmistakable  analogy  betwfie!i  t!ie  eontac't  actions  in  tl»e  inorgank 
world  and  the  actions  of  ferments  in  the  organic  world.  As  in  tbe 
case  of  my  colloidal  catalyzers,  we  are  dealing  with  reactions  in  whieh 
enormously  developed  surfact^s  are  involved,  so  is  it  probable  th.il 
the  same  condition  nbUiins  in  the  actions  of  ferments,  enzymes,  blood 


i 


'  Zt»chr.  phgd.  Chrm.  87.  1  (1001)  j  91.  122  (1001) 
•/6iJ.  87,323(1001). 
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corpu.soles.  and  oxidising  and  catalyzing  organic  Hubalances,  We  see, 
tliL-refoie,  Uiat  the  organism  devclojta  its  euoimuvia  surfaces  in  th* 
tjasues  aiid  colloidal  fermeDta  not  only  because  it  tequireti  osmotic 
proc«86es,  but  on  account  of  the  veiy  great  catalytic  activity  of  snuh 
soifaces.  If,  as  Boltztnaan  says,  the  war  for  existence  which  living 
matter  must  wage  is  a  war  about  free  energy,  certAiiily  of  nil  th« 
[onus  of  free  energy  the  /ree  timryij  uf  aurfaee  is  tlie  most  iuipurtaut 
for  the  orgODism. 

"  In  conclusioD,  I  need  ecarcply  state  that  T  do  not  mnint^n 
that  thpro  is  any  inyslvriotw  id>-nt,ity  l>t?twrrti  the  mclals  and  the 
enzymes.  Hut,  without  exaggerating  thu  overwln-lmingly  large  num- 
ber of  analogies,  we  are  compelled  to  regard  the  colloidal  sotutiona 
of  the  metala,  in  many  relations  at  least,  a»  inorganic  models  of  tlte 
organic  nwywie*." 

It  seems  that  tills  work  may  prove  to  be  very  important  as  tlirow* 
ing  some  light  on  the  nature  of  enzyme  action.  The  enzymes  are 
very  complex  organic  substances,  while  the  colloidal  soluliona  of  the 
metals  are  as  simple  a^  any  substances  known  to  the  chemist.  If 
the  latter  effect  reactions  analogous  to  the  former,  by  studying  the 
reaotiuna  with  tlie  simple  elements  the  probU>ra  is  certainly  very 
much  simplified. 

Other  Konomolecnlar  Reactions.  —  A  niiml»or  of  other  monomo- 
lecuUr  rcddiuns  have  bi-i-n  ?iliiilie<l,  hut  nutliing  e.iNi'iitiiilly  new  has 
been  brought  out  in  connBction  with  them.  We  should  mention  tho 
work  of  Van't  lloff'  on  11k'  tninsformation  "f  tin-  dibrora succinic 
acid  formed  from  fumaric  a«id  and  bromine  by  lx>ilii>g  with  water, 
into  bromuiAlelc  acid  and  hydtohromio  acid,  in  the  sense  of  the  fol- 
lowing equation :  — 


^ 


C.H,0,Br,  =  C.H^^Br  +  HBt. 


VBotl 


Also  the  transformation  of  moiiochloraeetio  add  into  glycollo  acid 
and  hydrochloric  acid  :  — 


CH^l .  COOH  +  HyO  =  CH,OH .  COOIl  +  HCL 

b  of  these  rvMCtions  were   «hown   to  be   monomolecalar,  tb« 
expression  -  In  — — —  coming  out  a  xatisfaetory  constant. 

Bimolecular.  or  8«coad  Order  Beaction*.  ^  The  equation  developed 
Isbove  holds  where  only  one  substance  is  undergoing  cliange  in  con- 


l.tfftidwih  ^Nomfguc  ChfmlqiM.  pp.  ISand  113.    AtnaUirdsai,  ItUM.    Ger< 
I  tnlArgvd  edilico  (Coheii),  1696. 
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wntiatioD.    It  frequently  happens,  howerer,  tliat  tbe  active  mass  of 
more  tlian  one  substance  chaii^s  as  the  reaction  proceeds.     Where  < 
theiv  if  \i  change  in  concentration  of  two  aubstanoes  we  have  a  blino- 
kculur  wnction,  or  a  inaction  of  ibti  scooiid  onler. 

Let  us  reprcaont  tho  active  mass  of  one  substance  I^  A,  and 
the  othor  substance  by  B,  and  by  x  th(>  j^ioTtioii  transfunnod  in  tin 
/,  we  would  bave  from  the  law  of  nias»  action :  — 


dl 


=  C(A~x)(B~x}, 


It  is  mora  convenient  to  take  th«!  two  substances  not  in  eqxial 
weights,  but  in  gram-cquivalont  weights.  ^VllCIl  such  cqui  molecular 
quantitieE  are  used  A  =  B,  and  the  above  equation  becomes — 


dx 
dt 


Integrating, 


A-x 


=  CiA-xy. 
=  CV  +  const 


At  the  beginning  t  =  0  and  x  =  0,  and  calculating  the  ooustant 

we  have,  const.  =  —  ■     Substituting  thia  in  the  above  equation,  — 
A 


A-x     A 


tAiA-x) 
The  constaut  is  more  frequently  expressed  thu^ :  — 

tA-x 

Saponification  of  an  Ester.  —  A  simple  example  of  a  raaction  of 

tia-  stiDuil  oriler  is  the  saponifieiition  of  an  eater  by  an  alkali,  or 
more  ii(;i4iralely  pxpressed  by  the  liydroxy]  ions  of  the  alluilL  The 
following  well-known  reaction  expresses  what  takes  place  chemi- 
cally:— 

CH,COOCjH,  +  Na  +  OH  =  CH^)  +  Na  +  C,H»OH. 

Since  sodium  remains  in  the  ionic  eonditioii  uttfr  the  reaction, 
and  since  any  subst<ince  which  yields  hydroxyl  tons  will  effect  the 
reaction,  the  eqnutiun  is  bettor  cxprcesed  thus:  — 


CH,COOC|H,  +  OH  =  CHjCOO  +  C,H.OH. 
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This  reaction  wm  stuOu'd  tu  test  Um  Uw  itf  mtue  action  first  by 
Warder,'  and  lator  by  Kciohur,'  Vao't  Hoff,'  Arrhenitis,*  Ostvrald/ 
uid  Spohr.* 

Warder  determined  the  amount  of  estor  saponified  by  deter- 
mining by  titration  tlie  amount  of  base  used  up  by  the  acid  which 
was  set  free  from  the  ester.  The  values  obtained  for  different  inter- 
vals of  lime  were  rery  nearly  constant,  as  the  following  results  wil' 
show ;  — 

I       ■ . 
lur  Mutm*  $  '  A  -» 

b 0.119 

96 0.108 

£6 0.108 

ISO 0.113 

Effect  of  the  Katnre  of  the  Ester  and  of  the  Base  on  the  Velocity 
of  Saponification.  —  Tlid  cifect  of  the  nature  of  the  entt-r  on  the 
velocity  of  &a|x>uificatioD  by  a  given  base  wa.i  studied  liy  Reicher, 
who  found  tlial  t!ie  more  complex  the  eater  the  slower  it  is  saponi- 
fied. He  then  slmlied  the  velMtty  of  saponitioation  of  a  ftiven  t'»t«r 
by  different  liaAi's,  ami  found  that  potasoiium  aitd  sodium  hydroxides 
saponify  moat  rapidly ;  barium,  calcium,  and  strontium  hydroxidos 
somewhat  slowirr;  while  ammonia  i»  si^arct-ly  oapablt*  of  supuuifying 
an  ester  at  all.  Ostwuld  Htuiliml  the  ciuu;  of  ammonia,  and  found  that 
the  ammonium  salt  formed  grcjttly  diminislii-d  the  wlocity  of  the 
reaction.  The  same  fact  was  verifiwJ  by  AiThcnius,  who  showed 
also  that  the  vi^locity  of  the  saponification  as  cifocti'd  by  strong  bases 
«M  only  slightly  changed  by  the  prt^tseui-c  of  a  salt  of  that  ba^e. 
Tbese  fects,  as  we  shall  now  see,  arc  just  what  we  would  expect  from 
the  theory  of  clcclrolvtic  ■iisaoi'inlioii  as  applied  to  these  phoaoioeDa. 

Effect  of  the  Dissociation  of  the  Base.  —  Since  the  saponification 
of  an  ester  is  due  to  hydroxyl  ions.  It  follows  from  the  law  of  mass 
action  that  the  velocity  of  saponification  would  be  determined  by 
the  number  of  hydroxyl  ions  present;  that  is  to  say,  by  the  amount 
of  disRoclation  of  tlie  base.  This  explains  why  tlie  most  strongly 
dlssocial^il  alkalies,  such  as  ]>ota)isium  ami  sodium  hydroxides,  sa- 
ponify un  ester  with  the  gnnteat  rclocity.  If  the  lia.-w  is  not  com- 
ptetely  dissociated,  as  is  always  the  case  exc«pt  in  very  dilute  solutions, 
Uw  suonnt  of  tho  dissociation  must  bo  taken  into  account  in  ordv 

>  Btr.  d.  Ahrm.  Ort^l.  14.  1361  (I8BI}-  Also  Amer.  Chem.  Journ.  «.  ZM 
<18W).  " 


*/JA.  AMn,nM,m  (IMA).  'Joiim-pMlrt.  ChrnL  Sa,  112(1887). 

■i?lMflM(l^  Dgnim<i<ti'  VMmiqw.      *  ZitJir.  pkjf,  Chtm.  fl,  IM  (1886). 
*  ZlwJir.  phf*.  Chem.  I.  UO  (1887). 
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that  the  active  mass  of  tho  base  uuy  be  known,  the  active  mass  of 
tbe  base  being  only  tho  dissocint^d  portiou.  If  ve  repreiieDt  the 
percentage  of  disHoviatiou  of  tho  biise  by  m,  this  factor  must  be 
iuti'odiict.-d  into  the  above  oquBlion  for  a  ecooud  order  leacUon,  which 
then  becomes — 

Wa  ean  now  see  why  the  presence  of  a  neutral  salt  has  Ijiit  Utile 
iafloflOce  on  the  Haponifying  power  of  a  ittrong  husc,  but  hiis  swh  a 
marked  Inflneix^  on  the  aelion  of  a  weak  base.  If  tbi;  hitsti  is  strong, 
it  is  dissoi'ialucl  Ui  just  about  the  miitio  extent  ita  its  salts.  Conse- 
quently, when  the  biwe  forms  a  salt  with  the  acid  of  tho  ester,  the 
salt  does  not  yi«ld  any  larger  number  uf  the  common  eations  than 
were  prcwnt  oriKiniilly  fnmi  tlie  dissociating  ba»e.  There  bt-ing  no 
appreciable  increa»C  in  the  nuinlxrr  of  the  ions  uimniun  to  both  base 
and  salt,  the  fonnation  of  thi^  salt  does  not  drive  back  tJic  dissocia- 
tion of  the  base  and,  <!onsri]uently,  does  not  diminish  its  action. 

If,  on  the  contrary,  the  base  is  weak,  as  in  the  caae  of  anuDOoia, 
it  is  only  slightly  ilissociated.  A  siitt  of  ammonia  is,  however,  very 
strongly  dissociated.  As  the  ammonium  combines  with  tbe  acid  of 
tho  ester,  forming  an  ammonium  salt  which  is  strongly  dissociated, 
the  number  of  ammonium  ions  present  increases  very  rapidly.  We 
know  that  the  presence  of  an  excess  of  cither  product  of  dissociallon 
drives  back  or  diminishes  the  dissociation  of  the  original  substance. 
The  increase  in  the  uuinber  of  ammonium  ions  present  diminishes  the 
disfluciation  of  tbe  ammonium  hydroxide,  which  yields  a  oonimon  ion, 
and,  eoosequeiitly,  diminiaUes  the  velocity  with  which  it  will  sitiMnify 
an  ester.  This  agrees  with  the  fact  that  the  velocity  ot  sa[>oniftca- 
tion  of  an  ester  by  ammonia  decreases  much  more  ra]udly  than  can 
be  accounted  fur  by  the  dimiiiution  tii  the  quantity  of  ammonia 
preKent.     Facts  and  tlieory  are  thus  qualitatively  in  perfect  accorxL 

Arrhenius '  has,  indeed,  gone  farther,  and  shown  that  there  is 
a  quantitative  agn-cTucnt.  Prom  the  saponification  constants  <^ 
potassium  hydroxide  he  has  lircn  able  to  calculate  those  of  ammo- 
oia  in  the  presence  of  given  quantities  of  ammuninm  salts. 

Aetion  of  Acids  en  Acetamide.  —  Another  typical  second  order 
nac'lion  is  the  action  of  a^'ida  on  acetamide.  This  has  been  sttidied 
1^  Ostwald.'    The  reaction  is  expressed  by  the  following  equation ;  — 

ClifiONBt  +  Cl+H  +  llfi  =  NH.  +  CI  +  CHjCO^. 

'  ZUfhr.phya.  CA^nv  ».  2M  (ISaS). 
»  Jo«rn.  prakt.  fftem.  M.  1  (1888). 
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There  aie  only  two  subatauces  which  undergo  change  in  concea- 
tration,  — the  amide  and  the  hydrogen  ions.  Th«  water  which  is  used 
up  is  so  small  in  contpariaou  with  the  total  amount  of  water  present 
that  itcau  be  neglected.  A  few  ri'sultit  olitaincil  by  Otitwald  with 
trichloracetic  acid  show  a  good  constant  for  a  sevond  urder  reaction. 


f  H  Tub  ur  If  intim 


16  .        .        .     , 0.0088 

00  .        .        ^ 0.008« 

120  .        .        r    , O.tl089 

180  .        .        .  '' 0,0000 

210 0,0090 


P  Second  Order  Reactions  where  the  Uaases  an  not  Eqniralest  — 
It  is  not  always  desirable  or  even  poesible  to  uso  the  masses  of  the 
two  Hiiljstauceg  la  equivalent  quantities.  In  such  nises  the  eiiuntion 
dcilui.'cd  from  the  law  of  masfl  action  is  more  complex,  but  ciin  be 
readily  integrated.  Thus,  if  tJie  two  substances  A  and  B  are  not  in 
•quivukiit  quantities,  — 


^ 


^^CiA~,t)(B-x). 


Integrating  and  making  ( =  0  and  x  =  0,  we  have  — 


hi 


Ii(A 


^  =  (,A-B)a.    ..C  = 


j_la(^-')g. 

(A  -B)t      (_B-x)A 


h^AiB-:c) 
Vo  would  not  be  justified  in  concluding  that  this  equation  holds 
ii&c  tlic  equation  for  the  two  substances  in  equivalent  qiiantitici 
us  with  the  facta.  Keicher '  tested  the  above  equation  by  study- 
„  ;he  reaction  between  ethyl  acetate  and  sodium  hydiosido,  using 
different  quantities  of  the  two  substances.  A  few  of  bis  results  will 
show  how  satisfoctorily  the  equation  is  yeriGed.  In  the  first  tablo  a 
large  excess  of  aodiuin  hydroxide  was  used ;  in  the  second  tabto  k 
ler  excess  of  the  hydroxide,  and  in  the  third  an  excess  of  ester 
employed. 


871 


n. 


m. 


13G0 

axo 

1206 
M-i 
670 

1103 


flomrnt* 
0.0817 
0.0M8 
0.0344 
0,W3B 

o.oau 

bOiM« 
0.08M 

aosfT 

0.0344 


I  LUb.  Ann  ttt.  »7  (1866). 
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A  good  cooBlant  is  not  only  obtained  iu  every  series,  but  we  have 
practicallj  the  same  constant  in  all  tbtee  ^ries,  which  verifies  the 
above  formula  in  an  entirely  satisfaetorv  luanuer. 

Trimolecular.  or  Third  Order  Reactions.  — Jiist  as  we  may  hare 
two  HtilMtui^^t'N  i-iilerinK  into  a  ii-actioii,  and  their  active  inasscii  con- 
Heqiitriitly  chiLiiging  as  the  reaction  proceeds,  so  we  may  have  three 
anbstaiicea  taking  part  in  the  reaction.  Applying  the  law  of  ma«a 
action  to  a  thinl  ordrr  reaction,  wo  would  have — 

^  =  t'(^-«)(B-«)(D-«), 

whpre  A,  B,  and  D  represent  the  masses  of  the  three  substances  in 
question. 

In  such  cases  it  U  mucli  simpler  to  take  all  three  substances  in 
equivalent  (]uautities:  A  =  B  =  D.     Tlien, — 
fix 


dt 


=  C(A  - 1)'. 


I 


iBtegntii^  makbg  ( =0,  x  =o,  we  have— 

t  2A\A  -  xf 

If  A,  B,  and  D  are  not  taken  in  equivalent  quantities,  the  equa* 
tions  become  very  much  more  couiplex.' 

The  number  of  third  order  reactions  known  is  small,  and  very  few 
have  been  studied  quantitatively  from  tlie  stjuid[iuiut  of  the  law  of 
mass  action.  A  third  order  reaction  in  which  three  substutces  nn> 
dergo  i^hange  in  coiii^cnLrulion  was  studied  liy  !Nt>yrs  and  Wason.* 
The  reaction  is  lietwet^n  iiotiissiiim  chlorate,  ferrous  sulphate  and  sul- 
phuric jicid,  and  is  exprosscd  by  the  following  equation :  — 

tt  FcSO,  +  IvClO,  +  3  H^O.  =  3  Fe,(SO,),  +  KCl  +  3  Hfi. 

This  reaction  was  supposed  by  Hoo<l,'  who  first  studied  it,  to  he  a 
second  order  reaction,  but  was  shown  by  Noyes  and  Wason  to  be  a 
reaction  of  tlie  third  order.  They  varied  the  conncntrations  of  the 
different  substances  and  dcti^rmincd  the  value  of  the  constant  uiu1i!t 
very  widely  different  conditions.  Althnugh  the  values  found  differ 
as  much  as  20  [ler  eent,  yet  they  unmistakably  verify  the  above  equa- 
tion for  a  third  order  reaction. 

Another  third  order  reaction  was  studied  by  Nojeia,*  in  which 

'  FuhrmMm :  Zltebr.  pkgt.  CArm.  4.  69  (1988). 

*/6(d.  M.  210  (1807). 

•  t'hU,  Mag.  {!•).  e.  !)T1  (1878)  ;  «.  121  (187U)  ;  SO,  ajS  (1886). 

*ZmhT.  phg*.  Vhtm.  1ft,  Mft  (18&&}. 
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only  two  subftancu  took  part  The  reaction  is  between  ferric  chlo- 
lide  and  stannous  cliloridc  — 

2  i'eCI,  +  SnCI,  =  2  FeCI,  +  SaCl,- 

Although  there  are  only  two  subataiicea,  there  are  three  molecules 
involved  in  the  reaction,  and  we  would  exjject  it  l<>  be  a  rciictioD  of 
the  third  order. 

Noyes  studied  the  reaction,  using  the  varying  qimntities  of  the 
two  substances,  and  found  fairly  satisfiictory  constants  when  equir^ 
}fnts  were  employed,  but  th«  ^iilues  differed  very  con  aid  era  bly  when 
non-eqtiivalcnts  were  used.  ThiH  loight  leave  some  doubt  as  to 
-whether  this  is  a  true  reaction  of  the  third  order ;  but  in  addition 
to  the  fact  Uiat  a  fairly  satisfactory  third  order  constant  was  generally 
'Oibtaincd,  Noyes  points  out  another  argument  in  favor  of  this  being 
a  true  third  order  reaction.  If  it  ia  a  second  order  reaction,  a  defimte 
excess  of  either  constituent  must  produce  the  same  effect ;  thus,  two 
equivalents  of  iron  on  one  of  tin  must  have  Uie  same  iufliieiice  as 
two  equivalents  of  tin  on  one  of  iron,  Nojes  found  tlial  such  is  not 
the  ease,  an  excess  of  ferric  chloride  acceleratiiig  liie  re.ictinn  to  a 
much  greater  extent  than  an  equivalent  of  Htaiinous  chloride.  There 
can,  the  1-1- for*,  he  liUlu  doMl.t.  that  this  is  a  tnic  third  ordi-r  reaction. 
B«aotionB  which  are  apparently  Trimoleoular.  —  In  the  but  reac- 
tion studied  only  two  substances  took  part,  uiid  yet  we  had  to  deal 
u«dth  a  third  order  reaction.  The  difference  iK'tween  this  and  an 
yPdinnry  second  order  reaction  Ixitwccn  two  stibstiuices  is  that  two 
molecules  of  one  substance  react  willi  one  molecule  of  the  other. 
Wfi  might  suspect  from  this  that  wherever  two  molecules  of  one 
substance  react  with  one  molecule  of  another  Eubstsuoo,  we  have  a 
third  order  reaction.     Such,  however,  is  not  the  case. 

Take  the  action  of  a  univalent  base  on  the  ester  of  a  bivftlent 
acid, — say  sodium  hydroxide  on  ethyl  succinate, — 

CH/:oOC,H,     NaOir  _  CH,0OONa  .  o  r  H  OH 
CH^O(>r,H,     NaOH      CII.COONa'*'       '    '      ' 

two  molecules  of  the  base  and  one  of  the  ester  being  involved. 
Knoblauch  *  has  shown  that  tliis  is  not  a  trimolccutar  iraction,  bnt 
is  probably  made  up  of  the  following  two  bimolecuhLr  reactions :  — 

WCHjCOOCH,     Vinw  —  CH,COOC,H,  ,  p  «  on 

,«  CIT/:OOC,H.  ,  „  o„     C1I,C00X«     -rnnn 

<^  CH^OON.    ■*■  ^'^"  =  ChIcOOS.    +  ^^^^ 

>  Zuehr.  ph]/t.  Chtm.  96.  M  (18SH}. 
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An  analogotis  case,  whcro  we  might  soppoee  that  wff  wero  dealing 
with  A  trimolcculitr  reaction,  is  in  the  saponificstioo  of  an  ester  of  a 
nnivaleot  acid  by  means  of  a  bivalent  b»»c, — any  ethyl  acetate  by 
calcium  hydroxide^ — 

2  CUjCOOCVH,  +  Ca(OH),  =  (CH.CO0,Ca  +  2  C,H,OH. 

This  lias  Iwen  itluiu'n  by  Ket<-lier '  tu  Iw  a  bimoleeular  reaction, 
juatMwhrn  goditim  or  putiissiiim  liydroxide  is  itsed.  The  saponi- 
fication is  efft-eted  by  tlio  free  hydroxyl  ions,  and  it  does  not  effect 
the  order  of  tho  reaction  whether  they  come  from  a  univalent  or  a 
bivalent  base. 

ReacUoiu  of  Higher  Order.  —  It  is  possible  to  deal  witli  roaL-tions 
of  much  higher  onl^r  in  tennx  of  the  law  of  muss  action.  Thus,  a 
FMtCtion  of  the  Nth  order  wouhl  be  formulated  as  follows:  — 

It  is,  however,  not  necessary  to  consider  such  castes,  sinee  there  is 
no  reaction  known  of  higher  order  than  the  third. 

We  frequently  express  chemical  reactions  as  taking  place  between 
many  more  than  three  molecules,  but  the  study  of  tlie  velocity  of 
redactions  in  terms  of  the  law  of  mass  action  has  taught  tut  that  these 
reaction.t  are  not  as  complex  as  they  seem,  being  in  reality  made  up 
of  a  series  of  simpler  reactions.  As  an  example  take  tim  deeoropo- 
sition  of  arsine  by  heat.  Since  tlie  smallest  molecule  of  arsenic 
known  at  tliese  temperatures  is  As„  we  would  liuve  to  represent  tlie 
reaction  thus :  — 

4.\sHj=  As,  +  6H„ 

which  would  make  it  a  fourth  order  reaction. 

is  a  constant,  which  shows  that  it  is  a  first 


The  fact  is,  i  In —i- 
t      A  —  x 


order  reaction.   The  reaction  whose  velocity  is  measured  must  then  be, 

Asll,  =  A8  +  3U, 

and  subsequently  the  arsenic  atoms  must  coinbine  and  form  As^  and 
the  hydrogen  atoms  form  H^  Many  reactions  of  a  similar  character 
are  known,  the  order  being  much  lower  tlian  would  bo  indicated  by 
the  usual  diemical  method  of  expressing  the  reaction. 

We  thus  see  how  thestndy  of  the  velocity  of  reactions  has  thrown 
light  on  the  inner  mechanism  of  the  reactions  themselves,  and  haa 
given  IIS  A  deeper  im^ight  into  what  Actually  takes  place  than  coold 
have  possibly  been  obtained  by  siuy  purely  chemical  method. 


^LM.Ann.  asa,  26-!  (ises) 
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Otber  Hethods  of  I>et«nniiiing  the  Order  of  a  Reaction.  —  The 
method  of  deteniuuiii);  ilie  order  of  a  reaction  thus  far  considered, 
consists  in  ineaauring  the  velocity  of  the  reaction  and  inserting  the 
r«sulu  into  the  equations  for  the  constant  as  obtained  from  th«  first, 
second,  and  third  order  reactions.  If  the  value.i  obtained  when  the 
experimental  resulu  are  introduc«d  into  tJie  ei|uati»u  for  a  first  order 
reaction  are  consUiut,  the  reaction  belcjutts  to  the  first  ord«r.  If  a 
betl«r  oonstaut  is  obtained  when  tlie  results  are  introduced  into  tlie 
equation  for  a  second  order  reaction,  the  reACtion  in  quwtion  belongs 
U}  thiH  order,  and  ttiuiilarly  for  a  third  order  rcitction. 

It,  however,  frei[iwnt,]y  haji]ii.'ns  that  none  of  these  oquatioDS 
giTe  a  satisfactory  constant,  and  by  thu  above  racthoil  it  would  be 
impossible  to  det«miini>  to  which  order  tho  rcnt-tion  belongs.  This 
is  due  Co  the  fact  that  in  such  reactions  disturbing  intliiPDces,  stich 
as  the  setting  up  of  aide  reactions,  or  of  new  reactions  between  the 
products  of  the  original  reactions,  etc,  come  into  p!ay,  which  affect 
the  velocity  coefficients  as  the  reaction  proceeds. 

Methods  for  di^termining  the  order  of  a  reaction,  which  largely 
exelude  these  inflin-nces,  have  Iieen  devised. 

77i«  /ria  TtiHhod  we  owe  to  Van't  Hoff."  The  method  is  based 
on  the  effect  of  ehanse  in  concentration  on  the  velocity  of  the  reac- 
tion, the  velwity  of  a  I'caction  of  the  nth  order  being  proportional 
to  the  (ith  power  of  the  con  pent  ration.  The  following  deduction 
is  given  by  Van't  Hoff,  cluinging  the  symbols  to  those  used  in  this 
volume :  — 

If  we  u»e  a  different  concentration, 


-^^  =  cC„ 


Consequently,  ^  -.  ^=C,' :  C, 


dC, 

dt 


dt 

dCji 

dl 


'M   > 


,     /rtC, .  dCj\ 
"-     log  (C, :  Cu)  ' 


Van't  Hoff  applied  this  method  of  variable  volume  to  the  action 
of  bromine  on  fumaric  acid,  and  also  to  the  polymerization  of  cyanic 
acid.    The  results  for  the  first  reaction  are  as  follows :  — 

The  addition  of  bromine  to  an  aqueous  solution  of  fumaric  acid  git- 
ing  rise  to  dibromsuocinic  acid  is  accompanied  by  other  rvactions, 

>  Studktdt  ^iMittque  CJitmtqve,  p.  87. 
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fiec-  1 
Lion.  I 
con-    I 


whi<!li  make  it  imposaibletoapply  directly  the  eqiialionsfor  a  first, 
owd,  will  third  order  reantion,  and  delerroiue  the  oMcr  of  the  reaction. 
Vaii't  Huff  applied  thia  method  of  rariable  volume  or  rariable 
centration  in  ^  satisfactory  mauner.     The  experiments  were  carried 
out  by  K«iclii>r'  in  Van't  HolTa  laboratory, 

'  Si.  <a 

0  8.88  0.0100 

M  7.81 

The  value  ~'  has  been  replaced  in  the  calculation  by  the  ratio 

8.88  -  7.87 


of  the  differences 


y5 


Water  was  then  added,  increasing  the  dilution:  — 

8.81 
&GI 


132 


0.0032T 


M  was  then  oalciilat^d  and  shown  to  have  the  value  1.87.  The  value 
found  ithoiihi  Ix!  1  for  a  finit  order,  2  for  a  second  order,  and  3  for  a 
third  onler  rt'aotiun.  Sinee  disturbiuR  iiitlueuces  must  have  some 
effect,  we  woiili)  <-xpect  the  value  found  to  differ  somewluit  from 
theKv  whole  iiuiuburs.  'J'he  value  1.87  is  Knfficicntly  near  to  2  to 
justify  the  conclusion  that  ttifl  reiu'tiou  l)el«nf»  t4>  the  sL-cuncl  order. 

The  Mirnmi  mrthml  of  ohtuiiiiug  the  orilor  of  a  rciii'tion,  whvr«  dis- 
turbing iiifluiMircs  come  int"  play,  is  hasi^tl  upon  thl^  prim-iple  discov- 
ered by  Ostvfald  that  for  analogous  reactions  -'the  amountti  of  time 
required  to  produce  a  delinito  degree  of  decomposition  b«ir  constant 
relations  to  one  another,  and  arr  equal  to  the  reciprocals  of  the  cor- 
responding relative  aflinity  coefficients  " ;  in  a  uord,  the  amounts  of 
time  required  arc  inversely  as  the  velocity  factors. 

This  was  shown  by  Ostwald '  as  follows :  *'  The  general  form  of 
the  equation  for  reaction  velocity  is, — 

whose  iutegral  is, 

"  If  we  let  X  have  the  same  value  in  a  series  of  comparable  exj 
ments,  ^(x)  has  a  constant  value,  therefore,  — 

Ch=<^*=Cji».  .  .  ,orC,:C,:£^.  .  .  =i; 

)  £tHdr*  de  Djinittnlqwi  CAImffiw,  f.  8[>. 
■  ZMhr.  f  Ajw.  CAcm.  S.  117  (IS88). 
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'The  only  aasumption  made  is  that  tho  course  of  tho  rcacUoa  is 
aSect«d,  in  all  eases,  in  a  like  maiiDer  by  tlio  disturbing  intlueuoes 
and  side  reactions." 

Carr^iug  out  experimeiitA  with  difft-rvnt  coocentiatious  and 
allowinK  tlie  raactioiis  to  proceed  until  equal  fractioQa  of  the  sub- 
slatiee  are  tracsformett,  a»  Ostu>-H.Id  *  pnints  out.  if  the  reaction  be- 
longs  U>  the  fint  onlcr,  the  vi-Iocity  fiicturH  and  also  tlie  amounts  of 
time  required  arc  equal ;  if  it  is  a  sccund  order  reactiou  the  velocity 
factors  are  [iroportional  to  the  con cput rations,  and  the  auiuuats  of 
time  arc  inversely  proportional  to  the  concentrations;  if  v/v  are  deal- 
ing with  a  third  order  reaction,  the  velocity  faetors  are  pro|>»rtio[ial 
to  the  square  of  tlie  concentrations,  and  tlie  atnuunlit  of  lime  in- 
versely as  the  square  of  tlie  conceiitralious. 

Thi«  dediK'tioii  was  applied  to  expt-rliiienU!  results  by  Noycs,' 
irho  studied  the  nuKtion  between  hyilriixlic  acid  and  hydrogen  di- 
ozkle,  also  Umt  between  hydriodie  acid  and  bromic  acid,  and  sev- 
eral otJier  cflses,  He  found  in  general  that  the  reactions  were  of 
simpler  order  than  would  lie  indicated  by  the  chemical  equations 
expnssing  them. 

lBflaenc«i  wUcli  affect  tlu  Vebcities  of  Bcactions.  —  The  veloci- 
ties of  reactions  are  considerably  affect«d  by  a  number  of  influenMS 
and  conditions,  some  of  which  will  be  considcred- 

The  iiifiuence  of  umperatuK  on  the  velocity  of  reactions  is  usu- 
ally  very  great.  Au  increase  in  temperature  is  generally  a<^coIU- 
paiiied  by  a  great  increaiie  in  the  velocity  of  the  reaction,  a  vim  iu 
temperature  of  10°  frdptently  doubling,  and  souiettmes  tripling 
th«  velocity  of  a  reaction.  The  effect  of  rise  in  temperature 
over  a  conKidenible  range  of  (eitqierature  is  shown  by  an  exaiuplo 
givcai  by  Van't  Hoff.'  The  following  reaction  vritli  dibtoniaceti« 
acid  wtu  studied:^ 


C.H,0,Br,  =  C,nfi,hT  +  HBr. 


The  range  of  temperature  was  from  15"  to  101°,  or  Sff",  and  at  the 
liij^her  leiniieratnre  tlie  velocity  was  more  than  three  thousand  time* 
that  at  the  lower. 

Tho  study  of  the  effect  of  pn-nniire  on  the  velocity  of  reaotioni 
lias  led  to  intiTt^ting  residts.  Tim  pressure  of  a  gas,  or  the  osinotia 
pressure  of  a  solution,  can  be  readily  dealt  with  from  the  standpoint 


■  2>*rb.  4.  AOv.  Ctitm.  II  [3].  23fl. 

* ZutAr. i^f».  Vhfn.  It.  Iia  (I86&):  19.  &e9  CISM). 

■  KoWfWiffett  UbiT  Tli4aTttiKh4  tai  PhyMalltche  Chtmit,  I,  333. 
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of  thertiiodyDiuiiice,  and  th«  conchuionit  rettclivd  matliviuaticallj  * 
ue,  Uutt  first  order  roaction*  luv  indvpcndcnt  of  prcssura,  second 
order  are  proportional  to  the  pressure,  whU«  third  order  are  propor- 
tional  to  the  §quar<!  of  tlie  pressure. 

Tlie  effect  of  pressure  on  only  a  few  reatrtions  has  be>en  Btodied 
experimen tally.  KoUuuund'  found  that  the  velocity  with  whict 
cane  augar  was  inverted  by  hydrochloric  acid  was  dioiini&Ued  only 
aligbtly  by  ohanges  in  pressure  He  worked  at  preaaitrea  from  un« 
to  fiv«  hundred  atmoapbereo,  and  found  that  at  Lite  latter  prewiure 
the  velocity  wua  about  five  per  ceut  Itaa  than  at  tbe  former.  ItOat- 
geu°  alao  found  that  pressure  dimiiiisb«d  the  velocity  with  which 
cane  sugar  is  inverted. 

Other*  first  order  reactions  Imve  been  studied  at  diffcrant  press- 
ures, witli  llie  reaalt  that  Increase  in  pn.!ssuro  slightly  increased  the 
velocity  of  llie  rejiotioii,  but,  on  tlift  whole,  expcriraunt  shows  that 
first  order  rL-aolio:iH  ar«  ]ii-a('ti rally  iiiii«iicnde«t  of  pressure. 

Tim  naXun  »/  the.  mtdium  has  a  ntarkud  influeiic«  on  Che  velocity 
of  reaction]!.  This  applieti  especially  to  the  iintiire  of  tbe  solvent 
used.  Thit  fx prri mental  work  of  ^I'-n.^chutkin^  shows  the  ma^i- 
tuite  of  this  inltiiencc.  Ho  studied  a  ft'w  reactions  in  a  large  nuin* 
ber  of  solvirnts,  and  in  cacli  case  measured  their  velocities.  A  few 
«f  his  results  for  tliu  action  of  tricthylamine  on  ethyl  iodide,  in  dif- 
ferent Hulvents,  aro  given.    The  reaction  proceeds  as  follows :  — 

(C.H,)JJ  +  C,HJ  =  (C,H,)^L 


I 

II 

I 

II 

nei>t&ne 

0.000836 

MeiJiyl  alcohol 

0.0610 

Xylene 

O.W^7 

AoeU>[M 

0;0eo6 

B(i[>««ne 

0.00681 

a-broiniiaphtliol 

O.UW  M 

CiilurbeiiziMie 

0.(K!.S1 

Accuiphenone 

o.iaH  ■ 

Ethyl  nlcohol 

0.0306 

Ikniyi  alcohol 

0.1330 

Ally)  alcoliot 

o.oaii 

Column  1  gives  the  solvent  used  ;  II.  the  velocity  coefficient 
The  velointy  fif  the  reliction  in  beniyl  alcobo)  is  about  »evcn 
bundled  and  forty  tiRie.s  that  in  hcxane. 

>Van't   Hoff:  Vortamnffra  Ober  ThtitrcUKhe  und  PhgMalitcAe  Ckentii, 
I,3ao. 

■ZwcAr.  phgi.  Chem.  ».  168  (IBM). 

»  n'i'il.  .1n>i.  «.  il8  fl8(tt). 

*  Zl»ckr.  phgn.  ChtiH.  1,  mi  (1887);  0,  41  (1890). 
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We  would  naturally  try  to  refer  the  different  vi'locities  in  the 
different  solvents  to  tLe  different  dissociation  powers  of  the  Aolvt^ntH ; 
it  is,  however,  impossible  to  aeeoiint  for  the  above  facts  ill  this  way. 
The  diifereuecs  between  the  velocities  in  the  different  aolveiits  are 
TWjr  much  greater  than  tlie  differences  iu  the  dissociating  powers  of 
th«  same  aolventa;  and,  further,  tlie  solvents  do  not  always  stand  in 
th6  aame  order  witli  respect  to  tlieir  dis.iuclatiiig  puwt-r  and  the 
velocity  with  whicli  a  n-aotioii  taki^s  ]iia(!t^  in  their  presence,  'i'hus, 
the  formation  of  nrc^i  from  aiumotiiiim  ryanate  takes  place  :iboat 
thirty  times  as  rapidly  in  ethyl  alcoLnl  as  in  watiT,  and  thi.>  disso- 
ciating power  of  water  is  from  thn-e  to  four  times '  as  great  as  that 
of  ethyl  alcohol,  and  other  similar  examples  are  known. 

A  satisfactory  explanation  of  tlit;  great  differences  in  the  veloci- 
ties in  different  solvnits  has  not  yet  been  furnished. 

The  presence  of  certain  foreign  tubxlances  may  <:onsiderably  affect 
the. velocity  of  the  rt^action.  Ostwald'  determined  the  effect  of  the 
pTeHenee  of  nentral  salts  on  the  action  of  hydrochloric  ajid  nitric 
acids  on  calcium  and  zinc  oxalates.  He  found  that  the  velocity  of 
the  reaction  waa  increased  by  the  presence  of  the  salt,  pota-tatuni 
having  the  greatest  inBuence,  ammonium  and  sodium  less,  and  inag> 
nesiiim  still  less.  On  the  other  hand,  Arrhenius '  found  that  neutral 
RaltJt  diminished  the  velocity  with  which  ethyl  acetate  was  .saponi- 
iiitd  by  Ikihcs,  sodium  iialts  having  a  greater  influence  than  putaNKiura, 
and  barium  still  greater  than  sodium.  However,  results  similar  to 
those  first  considered  were  olitained  by  Arrheiiius'  and  S|iohr'  from 
a  study  of  tho  action  of  niiitral  tiallA  on  the  velocity  with  which  cane 
sugar  is  inverted  by  acids.  The  neutral  salt  inereaeed  the  velocity 
of  Cho  reaction. 

Under  the  head  with  which  wo  arc  now  dealing  attention  should 
}»  c«UedBgatD  totheeffect  of  mere  frocks  o/tnotsturv' on  thvvelocity 
of  many  reactions.  Ihy  chlorine  is  without  action  on  many  of  the 
xaetals,  including  sodium,  as  Wanklyn'  has  shown,  and  liaker*  and 
Dixon '  demonstrated  by  a  number  of  experiments  the  comparative 
iuactivity  of  dry  oxygen.    That  dry  hydrochloric  acid  does  not  de- 

t  Jones: 2tarAr.r%K.  CAfm.Sl,  ■!«  (IMO). 
^Journ-prait.  Chrou  (K.K.).  2$.  209  (1881). 

*  Zwhr.  phft.  Clum.  I,  110(1887). 

*  If/i'l  4,  «fl  (11*811).  '  md.  2,  IM  (188a). 

*  Fur  a  (ull«T  OiscuMion  of  Uils  subject  see  Jodos  ;  Thtory  of  EJtftrntitU 
DUMtHoMion,  pp.  103-171). 

T  Oum.  Stvs:  W,  271  (18M),  •  Phil.  Tnn*.  CTl  <18«). 

•/M(I.  017  (lS8i). 
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compose  carlionateit  waR  Hhown  by  Hughes,'  who  also  demoDStiated 
llittt  it  doeH  not  preci|iitste  silver  nitrate  dissoWed  in  dry  ether  or 
beiiiene.  That  dry  hydrochloric  acid  gas  does  not  act  ou  diy  am- 
moDiA  gas  has  Iwen  conchiHively  diiinonstraled  by  Baker/  and  it 
hag  ev«D  been  shown  uii  the  lecture  t<ible  that  dry  sulphuric  acid  ia 
without  actiou  on  dry  ini^ulliu  sodiiitii.' 

The  prenaoe  of  luoisture  i«  Dt?«;csMiry  in  order  tluit  the  above' 
mentioned  reactions  should  tako  place  with  any  appreciable  velocity 
— moisture  is  necessary  to  combination. 

On  the  other  liand,  a  case  has  been  found  where  moisture  cEFccta 
decomposition.  If  animoiiium  chloride  is  volatiltzod  under  ordinary 
conditiuns,  it  is  dissociated  by  lieat  into  ammonia  and  hydrochlorio 
acid.  If,  however,  the  aininouium  chloride  is  carefully  dried,  it 
Tolatilizes  without  undergoing  decomposition,  as  is  shown  by  the 
fact  tliat  under  these  conditions  its  vapor-density  is  normal.  In 
this  case  water-vapor  seems  to  be  necessary  in  order  that  the  ^^ea 
may  combine,  and  is  also  necessary  in  order  that  the  oompouud 
Hhimld  lie  tWoiii]>oH«d  by  lieat.  Tbat  ttie  presence  of  water  is 
tieeejtsary  to  effect  chemiciil  combination  is  doubtless  closely  con- 
n^(^t<-d  with  its  ioiiixiug  power;  l>iit  it  is  not  a  simple  tnalter  to 
explain  its  action  on  tlie  vapor  of  ammonium  chloride,  causing  it 
to  be  dissociated  by  heat. 

Two  other  conditions  must  bi)  considered  in  this  section,  vul 
ignition  temperature  and  ignition  pn-Mare.  There  are  many  reactions 
known  which  take  placic  with  an  appreciablo  relooity  only  above 
a  certain  temitcrsiture.  Itelow  this  U^mjwratuT*  the  reaction  appiir- 
ently  docs  not  take  place  at  all.  This  temperature,  at  which  the 
reaction  apparently  begins,  is  known  as  the  ignition  tcmpcnttnnr. 
The  study  of  this  temperature  for  a  large  number  of  reactions  has 
been  made  jjossible  by  tJie  recent  methods  which  have  been  devised 
for  producing  low  temiieratures,  especially  for  producing  liquid  air 
on  a  large  scale.  It  has  been  found  that  a  larj^e  number  of  reactions, 
which  take  place  with  considerate  velocity,  do  not  proceed  with 
any  ap|ireci)ible  velocity  at  these  very  low  temperatures. 

A  careful  study  of  reactiomt  biduw  the  i|{Tiition  temperature  hu 
shown  that  this  is  not  a  jioiiit  at  which  tlie  reaction  Iw^^ina,  but  that 
there  is  a  very  slow  n-actino  below  Uiis  [mint;  no  slow,  indetMl,  that 
in  many  cases  it  cannot  be  observed  at  all.     In  otlier  cases,  however, 

*  put.  Mag.  H.  117  (ISM). 

»  Jonrn.  C'ft/m.  Soc.  eS.  611  (IBM):  W.  4«  (1898). 

■  Procrtd.  Chrm.  Sot.  Stl  (ISM). 
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be  obssrved,  aui  in  the  nction  of  phosphorus  on  oxygen,  llelow 
'',  whioh  JN  luuiilly  lakeii  as  ihe  igiiitiou  teiaperatiire  of  oxygen 
aiitd  |>h««|)lioruM,  tt  i»li>w  ctxidiitioii '  of  the  phosphorus  takes  place^ 
giving  rise  to  tho  compound  P,0.  At  the  ignition  temperature  the 
reaction  becomes  strongly  cxotherinii?,  giving  tha  pentoxide  of  ]>ho»- 
pbonis.  We  should,  therefore,  regard  the  ignition  tempei-ature  as 
that  at  which  any  given  reaction  acquires  an  appreciable  velocity. 

Just  as  there  is  a  temperature  at  which  many  reactions  appar- 
ently liegin,  BO  there  is  a  pressure  at  which  some  reactions  between 
gases  and  otJier  aubstaiicea  apparently  commence  to  take  place. 
Tetniwratnre  and  pressure,  however,  act  in  opposite  senses,  increase 
in  temperature  increasing  the  velocity  of  the  reaction,  while  de- 
cre&!te  in  preMsiire  increases  the  velocity  of  the  reaction.  That 
pressure  at  whieli  a  reaction  begins  with  an  appreciate  velocity 
ia  known  a»  the  ignition  pretisure,  and  at  lower  pressures  tJie  reac- 
tion proceeds  with  still  greater  velocity. 

Tluiii,  a  mixture  of  oxygen  with  phosphone  or  with  ailicoD 
hydride  explodes  on  expansion.*  Aldehyde*  is  not  oxidi;:ed  by 
oxyg<ea  under  high  pressnrt-,  and  t.tie  ignition  temperature  of  a 
mixture  of  hydrogiMi  and  oxygi'ii  is  lowered  from  620°  to  5tU°  by 
rcdncing  thn  pressiiri'  fri)iii  "fitl  mm.  to  'U'AI  nun. 

5I;uiy  plieni>mcnii  simihir  to  the  above  aru  known. 

Principle  of  the  Coexistence  of  Reactions.  — We  have  dealt  with 
reactions  thus  far  as  if  thev  m-t-nr  singly,  two  or  more  substances 
reacting  giving  products  whieh  lake  no  part  in  the  reaction.  This 
has  been  done  for  t)ie  sake  of  sim))licity  and  clearness,  that  we 
might  learn  how  to  apply  the  law  of  mass  action  to  idi^al  cases. 
In  fact,  most  reactions  are  much  more  complex,  several  reactions 
occurring  simultaneously.  The  question  arises  how  would  we 
apply  the  law  of  mass  action  to  these  more  complex  cases  ?  Thb 
beoomes  a  simple  matter  after  we  are  familiar  with  the  fundamental 
principle  that,  every  re<telioii  proceeds  as  if  il  alone  tcere  present. 
This  applies  to  a  number  of  coexisting  reactions,  and  ia  known  as 
the  principle  of  the  coexistence  of  reactions.  This  has  been  verified 
BO  often  by  experiment  tliat  it  is  now  accepted  beyond  question. 

An  applicjition  of  this  ))riiioiple  to  a  simple  catalytic  reaction  of 
the  firvt  order  will  .'^erve  lu  make  it  t-Iear.  Take  tlie  decomposition 
of  ethyl  acetate  hy  water  in  the  presence  of  acids,  and  for  the  sJike 


>  B«f0On ;  Cempt.  rftiiL  IM.  703  (1B97). 

*  Friednl  and  lAdcnbut^:  Ann.  Cftlm.  ffty*.  [<].  U,  «0  (18TI). 

•  Ewan  ;  Zttchr.  pAyo.  Cbrm.  IB,  310  (18il6). 
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of  aiinplkity  ua«  acctie  acid.    Let  the  amount  of  «ci 
rapnseatod  by  A,  awl  tlte  unouut  of  etbjrl  AOttoto  bj 
vdoeity  of  Ibo  reaolion  would  be  — 


^-rv!(B-»), 


DurinR  the  leftctioa,  homier,  a  orrbUa  atnoimt  x  of  i 
set  tree,  and  tbU  also  acta  caUtlyticalljr  on  thv  eai«r  increaaii 
TeloRitjr  of  the  teaotioa.  Tin  velocity  duo  to  the  acetic  ae 
free  is  — 

Prom  th«  prinei{»1e  of  the  coexistence  of  reai^tions  tt 
ity  of  tbe  rciurtiou  ia  the  suin  of  these  st-parate  veloiutta 


iDtegrating, 


If  the  acid  naed  aa  the  catalywr  is  difforatit  from  the  : 
est«r,  the  constants  are  of  oonrso  different,  and  we  would  ha 
the  suia  of  tlie  two  velocities, — 


dt 


=  (C^  +  0)  (»-«>, 


whose  IntegnJ  Is, 


CA    J 


•  iC'A-i-CB)t, 


Cases  similar  to  tbe  above  were  tested  by  Ostwald '  and 
tory  constants  obtained.     If  we  understand  tbe  principle 
ooeiiatenee  of  re«otioDS,  we  can  proceed  to  study  eoAea 
number  of  reactions  ai«  taking  place  simaltanfuusly. 

Side  Beaetioiti.  —  It    frequently   hiippens   that    tbe   m 
wliicli  aie  broiiKbt  to|^t)ier  react  in  mure  tbaa  one  way,  K><rii 
tlian  oiie  set  of  prodtictN.     In  addition  to  the  prin<!ipa)  n-artioi 
have  then  one  or  more  aide  rcoctiona  with  relocitiea  of  lb( 
Tbe  Telocity  oocffioiont  whicli  we  measare  Is  (fae  siun  of 
oieuts  of  tlie  several  reaotioaa. 

The  »impU-8t  cose  is  where  a  principal  reaction  of  the  fit 
is  aooompwiiod  by  one  side  reaction  of  tbe  same  order. 

^JowH-prnJa.  Chm.  [IJ.U,  44S  (ie«3}. 
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iw  of  mass  action  and  the  principle  of  the  oooxist«nce  of  renctions 
.  case  would  be  formulated  tbus:  — 


tnH'ral'HS. 


t     vl-a 


The  Telocity  constant  of  the  reaction  ia  the  ram  of  (7,  and  C>    It 
possible  to  determine  the  separate  values  of  C,  and  C,  hy  determin- 
ing iJie  amouutfl  of  the  products  of  each  reaction.    If  we  represent  the 

.tio  between  the  amounts  of  those  product*  by  r,  jf=  r.    From  tliis 
[1  Ci-^C,  =  K,  we  can  calculftte  C,  and  Cr  ' 

The  application  of  the  ])rinoipIe  of  ooexistenoe  of  reactions  to  ft 
(1  order  roootion  l*  as  follows.    Oiven  a  second  order  reaction 
lb  one  tide  reaction  oUo  of  the  second  order,  — 


Utegrating, 


=  iC,+  C,){A-x){B-x). 
1 


C,  +  C,= 


{A-B)t      yl(B-«) 


From  thin  the  applicatloti  of  the  principle  to  reactions  of  higher 
ier  nnd  also  to  reaction.-!  wlicre  one  is  of  one  order  and  tlio  other 
of  a  difri>r«-nt  onh-r  is  ohvintis. 

Counter  Re*ctioiu.  —  It  vvi^'  frequently  happens  that  sulxtonccs 
ct  anil  gire  riHC  to  products  which  in  turn  react  with  one  another 
nnd  reform  the  oiiginal  eubstanrea.  In  such  cases  the  velocity 
nieaanre*!  is  the  difference  between  the  s-elocitiea  of  the  two  opposite 
resAtiona.  Front  the  principle  of  coexistence  and  the  law  of  mms 
action,  we  would  have  for  a  first  order  reaction, — 


cb 


-C,(Jj-4r)-CiC^  +  »> 


I 


For  a  second  order  reaction  we  would  have  — 


|'-C,(^-«>(B-»)-(^(0+«)(i>+»). 


a) 


<2) 


t  Caod  D  al  the  outset  wore  zero,  this  equation  would  become — 
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The  equation  (1)  for  the  first  order  reactious  was  tested  by  Henry.' 
who  studied  the  dchydratiou  of  y^xyhutyric  avid,  giving  the  lac- 
tone,— 

CH^H.CH,.CH,.COOH  =  CH,.CH,CH,.CO  +  H/). 

1 O 1 

It  was  also  tested  by  KUster,*  who  studied  the  trvusforin&tion  of 
hesachlor-a-keto-^U-puutane  into  the  a-yisomcr. 

Satisfactory  constants  were  obtained  as  the  result  of  both  inrM- 
tigatioua. 

Th6  equation  for  a  second  order  reaction  was  tested  by  Knob- 
lauch.* He  filiidied  the  reaction  between  alcohol  and  acetic  aeid, 
and  obUtincd  very  satisfaotory  constants. 

Since  all  reactions  are  to  be  regarded  as  reciprocal,  every  reaction 
is  aceoiiiiiauied  by  a  counter  reaction  of  greater  or  less  magnitude. 
It,  however,  frequently  happens  that  the  velocity  in  the  one  direc- 
tion is  ti'i  ;,'reat  and  in  the  other  so  small  that  the  latter  can  be  diA- 
regtirderi.  Wbi^re  the  counter  reaction  has  an  appreciable  veloci^ 
it  nio.st  Im!  (..ikttn  into  account. 

Mere  Complex  B<actioiu.  — The  conditions  which  we  have  jwgt  eon- 
sidered  are  more  rmiiplex  than  those  which  were  tahi-n  up  at  first. 
Hut  there  are  still  more  complex  cases.  We  may  not  only  have  two 
or  more  reactions  proceeding  in  the  same  or  in  opjxisitn  directions, 
but  wo  may  have  the  products  of  a  reaction  reacting  with  the  products 
of  another  reaction,  or  wc  may  have  the  products  of  a  reaction  rv*ct- 
ing  with  some  of  the  original  substances.  In  such  complex  cases  it 
is  obvious  that  ali  the  variable  quantities  must  be  taken  into  account 

The  detailed  study  of  such  eases  would  scarcely  bo  profitable  in 
this  connection,  since  no  new  principle  is  brought  out  or  illuatrated. 
If  wo  understand  the  application  of  the  law  of  mass  action  and  the 
principle  of  the  coexistence  of  reaetionii  to  simpler  cases,  no  serious 
difficulty  tihiiuld  he  ciicouutt-rod  in  applying  them  to  more  oonipl«x 
react  i  on  .t. 

AntooatalysU.  —  We  have  already  seen  that  cert^tin  substanees 
can  olTrct  cheinicnl  reactions  without  taking  ]>urt  in  thom,  and  an, 
tiicrefiire,  said  to  act  by  contact  or  catalyticaHy.  Thus,  hydrogen 
ions  can  cauw  the  inversion  of  cane  sugnr  in  the  pncsenc*!  of  water. 
The  question  which  arises  is  whether  a  substance  may  not  act  oatit- 
lytically  on  itself,  causing  it  to  enter  into  reactions.  We  have  already 
seen  one  example  of  the  transformation  of  an  oxyaeid  (yoxybotyiio) 


1  Zttchr.  phgi.  Chtm.  U.  Itfi  (1808). 

•  Ib(d.  M,  a68  (1897). 


•  Ib(d.  II,  Ml  <IS»). 
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into  »  lactone  with  tb«  Idsh  of  n  moU-cule  of  water.  Tiiis  inaction 
takes  pixue  witli  much  grt-iitcr  vuhwity  in  th«  iircaunco  of  an  ackl, 
dm'  to  the  rstalytic  actiun  of  llic  hydrogi-n  ions.  But  those  o«y- 
M'ids,  Iik«  ol)  uthor  nciils,  tire  themselves  [mrtly  dissociated, yielding, 
of  vounc,  hydrogrn  tons.  If  the  hydrogt-u  iong  from  other  acida 
acoclcrato  th«  velocity  of  this  reaction,  why  do  not  the  hydro^-en 
lOD0  from  this  u<:id  itself '!  This  has  been  tested  by  aihling  to  lliis 
acid  one  of  it»  neutral  salte,  which  drives  back  ita  dissociation.  The 
result  is  that  under  these  conditions  the  reaction  take.s  phicis  more 
slowly,  showing  that  the  hydrogen  iona  fwm  this  acid  acted  ca.ta- 
lytically.     Such  actions  have  been  termtnl  autncalalijiie} 

HeterogmeooB  Reactions.^ The  reactions  with  which  we  have 
thus  far  had  to  iie;tl  are  iiU  hijmiujcnpoiit,  i.i:  every  substance  present 
is  in  the  same  slate  of  ai,'>;  regal  ion  l)cfi)rp  the  rcactioD,  anil  all  tlic 
produetK  of  the  reaction  are  in  the  same  st^ate  of  aggregation  as  the 
original  substaiKi'ti.  For  exainplf,  the  siibstanecs  before  the  reac^ 
tion  are  all  litiuid,  and  the  products  all  liquid,  or  the  substances  are 
all  in  solution  and  the  products  an-  all  in  solution. 

We  know,  however,  a  large  nninlwr  of  chemical  reactions  where 
a  gas  is  formed  or  n  solid  is  formed,  and  other  reactions  where  a 
liqnid  or  a  solution  acts  on  a  solid.  In  such  cases  the  subfltanees  are 
in  different  states  of  aggregation,  and  such  reactions  are  tenned 
hetfTogtneom.  It  is  obvious  that  in  such  cases  where  there  i-t  n  snr> 
foee  separating  the  substances  which  are  in  different  states  of  ajjgre- 
gation,  the  velocity  of  the  reaction  will  depend  upon  the  m.agnitiide 
of  this  surface.  This  must  be  taken  into  account  in  dealiuK  with 
the  velocity  of  such  reactions.  We  shall  now  study  a  few  types  of 
heterogeneous  reactions  from  Uie  .ttandpoint  of  the  law  of  inas« 
action. 

Heterogeneoai  Eeaction  of  the  Pint  Order.  —  A  liotfTOgencous 
reantion  of  the  first  order  ia  one  in  wliioli  two  substances  in  different 
states  of  agRrepilion  react,  the  active  mass  of  one  of  them  changing 
as  tlie  reaction  proceeds,  while  the  active  mass  of  the  other,  or  the 
durfaoe,  remains  constant.  Applying  the  law  of  mass  action  to  such 
a  oasei  wv  would  have  — 

where  S  is  Uie  surface  exposet)  to  tlte  liquid  or  solution,  A  the  origi* 
oal  conoentration  of  Uie  a«id,  and  x  the  amount  used  up. 


>  Ostwald:  lUricht  Saeh$.  Akad.  (ISnO),  ISA 
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Tnt«gniting,  wt  have  — 

\a~-^  =  C8t. 

A  —  x 

It  will  be  oluervetl  that  this  equ&tion  does  not  take  into  account 
the  vfiwi  |)rucUKml  l>y  Uii^  preiteuoe  of  the  compound  formed,  and  in 
some  cfurs  this  iiii;,'ht  lie  quxte  ooiisiderable. 

This  i>quAtion  wils  tested  by  Boguski,'  who  Rtudied  the  actioD  of 
avidx  OD  Carriint  nmrbte.  I'late*  uf  uiaible  of  known  snrfaoe  were 
dipped  into  acldii  of  dilTertntt  con<:ei)t rations  aiid  kept  rapidly  in 
moUon,  tliitt  the  tiurfacv  might  not  lHWom«  cm-ered  with  >  layer  of 
Iho  carbon  diuxi<lc  set  free.  They  w«re  removed,  washed,  and  dried, 
and  th«  loss  in  wci){bt  dctiTmined. 

lietter  constants  were,  however,  obtained  by  Spring,*  who  studied 
the  action  of  acids  on  Iceland  spar,  tie  had  previously  *  stadied  the 
action  of  acids  on  marble,  but  finding  this  not  sufficiently  homogene- 
ous, he  chose  the  better  crystalline  form.  The  kiiAt  wiut  t<^st«-d  not 
only  in  its  crystal  planes,  hut  iu  two  other  directions,  the  one  paral- 
lel and  the  other  at  right  angles  to  the  principal  axis.  Although  the 
velocity  of  the  reaction  between  the  spar  and  the  acid  was  differ- 
ent in  ditTerent  directions,  it  was  the  same  in  any  given  direction. 
The  result  as  a  whole  was  that  fairly  ftood  constants  were  obtained ; 
indeed,  as  gnoi)  as  could  be  ex]>ected  under  the  conditions. 

An  analogous  ca«e,  as  Ostwald'  points  out,  is  the  solution  of 
solids  in  liquids,  and  the  se]>aration  of  solids  from  supersaturated 
solutions.  Take  Uie  fir«t  case:  Tlie  velocity  with  whieh  the  solid 
dissolves  deperifls  upon  the  nia{i[nitnde  of  llic  surface  of  contact  be- 
tween the  solvent  and  Lb»  solid,  and,  of  course,  decreases  as  the  satur 
ration  piiitit  is  roai'hed.  We  Uius  s«e,  in  U>rms  of  chemical  dynamtca. 
why  it  is  di^nirHble  to  have  as  large  a  surface  as  possible  of  the  solid 
oxpoKed  Ui  tim  lii|iiicl.  \Vc  know  in  fact  that  to  completely  saturate 
a  solution,  a  larau  ninotint  of  tlie  very  finely  powdered  solid  should 
be  iiihlcd  after  the  saturation  point  is  nearly  reached. 

If  tilt!  .siiluliou  is  supersaturated,  it  can  best  be  brought  to  Uie 
saturation  imiiit  by  adding  a  large  amount  of  the  finely  powdered 
solid,  as  this  reaction  also  is  one  where  surface  comes  into  play. 

Sinc«  the  velocity  with  which  these  processes  take  place  dimin- 
ishes rapidly  as  the  saturation  point  is  approached,  we  see  why  such 
a  long  time  is  required  to  oompletely  saturate  a  solution,  whether 

1  Her.  H.  ebtm.  Ow».  9.  iWfl  (1870)  ;  10,  34  {1877). 

■  Ztuchr.  phy*.  Chtm.  9,  13  (1888).  « Ibid.  1,  SOO  ()8S1). 
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we  prmeeil  rrom  tli«  side  of  the  pnro  solvent  or  from  that  of  the 
su[)ersnliirat«(l  goliition. 

If,  during  reactioDS  lik«  the  abov^  or  like  the  solution  of  metala 
in  ae'ui*,  etc.,  the  surfaoe  undergoea  appreciable  change,  this  must 
be  tftken  into  account.  The  way  in  which  this  would  be  done  would, 
of  cour.w,  dejii-nd  upon  the  form  of  tlio  surface.  Since  the  active 
mtuis  of  a  iKilid  depends  upoD  its  surfiu.-e,  it  is  only  necessaiy  to 
know  the  surfacp  before  the  reaction  begtui.aiid  the  surface  after  the 
reaction  had  taken  place,  and,  conacpientiy,  the  change  in  surface, 
in  order  to  i-alcultitc  the  velocity  of  the  reaction. 

Betcro^neona  Beaction  of  the  Second  Older.  —  There  are  mao; 
reaoliouM  twlween  two  hoinogenccins  substances,  which  give  rise  to 
product's  of  a  differciit  state  of  aggregation.  The  precipitation  of 
one  substance  by  another  iu  inorganic  chemistry  fuini^hes  examples. 
Indovd,  qualitative  and  quantitative  analynes  are  based  upon  this 
foct.  It  is,  however,  diSieult,  not  to  say  impossible,  to  measure  the 
velocity  with  which  such  reactions  take  place,  liecause  it  is  bo  great. 
That  such  reactions  take  place  with  a  finite  veloi-ity  is  quite  certain, 
and  it  seems  probable  that  methods  may  be  devised  for  measuring 
these  very  great  velocities  in  tlie  future. 

A  reaction  between  two  solutions  Riving  a  solid,  with  a  velocity 
which  can  be  measurt-d,  i»  the  following  i  — 

NaAO,  +  2  nCl  =  2  Nad  +  H/)  +  80,  +  S. 

Such  a  reaction  has  been  studied  by  Fousserean,' 

Sonunaiy.  —  After  a  discussion  of  the  law  of  mass  action  as  for- 
mulated by  Guldberg  and  Waage,  it  was  applied  to  first  order,  second 
order,  and  third  order  homogeueoua  reactions.  Ity  tiieans  of  tliis 
law  it  was  shown  to  be  poasible  to  dt^termtue  the  nuui1>er  of  mole- 
cule* wtiich  take  part  in  a  given  reaction,  and  many  of  tlie  results 
obtaiiKfl  {H>intt-d  to  the  fact  Uiat  many  of  our  chemical  equations 
are  in  error,  thr  apparently  comi>lftx  reactions  being  made  up  of  sev- 
eral simpler  riiai-lions.  Two  other  methods  of  di-ttTiiiining  the  order 
of  a  rraclion  wery  taken  up,  and  then  some  of  llie  iiiUui-noes  which 
affect  the  velocity  of  reactiDits,  such  m  t«nipi-raturc,  nnttire  of  the 
medium,  foreign  substances,  traces  of  moisture,  etc.  The  principle 
of  the  coexistence  of  reactions  was  then  discussed  and  applied  to 
side  reactioua  and  counter  reactions.  Attention  was  next  turned  to 
heterogeneoua  reactions  of  tJie  first  and  second  ordere. 

With  this  survey  of  the  field  of  chemical  dynamics  we  pass  to  a 

'  Ann.  Chim.  Fhv».  (8J.  IB.  638  (1888). 
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8p«ci«l  phaM  of  reaction  vrloctties,  when  Ute  two  Kmuter  reactions 
have  tho  siun«  velocity,  i.v.  to  vhemical  equilibrium. 

CHEMICAL    EQUILIBRIUM 

Eqailibriius  inCbemioal  Bmuttion*. — When  wibstanws  arv  tiTmight 
togetiier  wiiich  react  i'lifmk';ill_y,  the  reaction  starts  vrith  ;i  in-rUitii 
velocity.  Thia  becomes  leas  and  less  as  the  reaction  proceedH,  as 
the  active  masses  of  tho  original  substances  become  less,  and  tlio 
active  masaea  of  the  pnxliicta  of  the  reaction  become  greater.  After 
a  time  a  condition  is  reiu:hecl  where  the  products  of  the  reaction 

in  a  maximum  value,  and  du  nut  furtlier  increase  DO  matter  how 
the  reiietioii  ia  ullowi^d  to  [iro('«^.><l  under  the  (^ven  conditions, 
of  the  ri-jutiim  do  not  iuortiase  heyoni)  this  point, 
i  of  the  original  Hulwtancett  do  not  diminish  beyond 
this  point  This  cooditioii  of  a  reaction  where  tho  quantities  of 
substances  taking  part  in  thu  reaction  do  not  change,  and  wher« 
products  of  the  reaction  do  not  change  in  amount>  is  known  as 
equilibrium  of  the  reaction, 

Let  us  take  an  example  to  illustrate  this  condition.  When  ethyl 
alcohol  and  acetic  acid  are  brought  together,  they  react,  as  is  well 
known,  in  the  sense  of  the  following  equation :  — 

C,H,OH  +  HOOC.  OH,  =  H/)  +  CH,COO(^H^ 

Suppose  we  use  one  equivalent  of  the  acid  and  one  equivalent  of 
the  alcohol.  The  reaction  starts  wiUi  a  certain  deliiiil^  velocity. 
Thia  become.-)  less  and  less  as  the  reaction  procewls  —  as  Ihr  ai-tlre 
masses  of  the  alcohol  and  the  acid  becomes  Ic«m  and  le^s  luid  tlM 
active  nia.tses  of  the  products  —  ethyl  acetate  and  water — beconw 
greater  and  jireater.  Finally,  the  masses  of  Un;  add  and  alcohol  do 
not  further  diminish,  htit  remain  constant;  and  the  masses  of  tlw 
est«r  add  water  do  not  f urthrr  increase.  When  this  relation  of  things 
obtains,  tlic'  ri'iictinn  has  rtwhwl  the  condition  of  equilibrium. 

The  Condition  of  a  Reaction  when  EquiUbrinm  is  established.  — 
What  is  the  eonditiou  of  things  in  a  reaction  when  equilibrium  is 
reached?  Take  the  above  reaction:  When  equilibrium  is  reached 
wo  have  present  some  free  alcohol,  some  free  aoid,  some  nf  the  ester 
and  water.  When  equilibrium  Is  reached  are  we  to  consider  the 
reaction  between  the  alcohol  and  the  acid  as  having  eeased  to  take 
plaee?  Thia  was  the  older  way  of  regarding  equilibrium,  but  it 
does  not  accord  with  the  experimental  facts.  Ethyl  alcohol  and 
aoetio  acid  will  always  react  when  in  the  presence  of  each  otbei; 
whether  or  not  water  or  ethyl  acetate  is  present 
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It  is,  however,  also  a  fact  that  vheo  equilibrium  is  readied  in 
the  nboTc  rcitctioii,  the  amouDt  of  the  cater  formed  does  not  invreaae. 
How  are  these  apiiareotly  contradictory  facta  to  Iw  t^xplaiood,  and 
how  cau  we  account  for  tlic  couditiou  of  ei|uilihnuiit  ? 

We  ha*c  already  seeu  that  we  roust  re^'ard  chemical  rcaetioiu  in 
general  as  reversible ;  the  reaction  between  tjie  oriij^inal  substance* 
giving  rise  to  oertais  products,  wUieh  timn  react  with  one  another 
and  reform  the  oiif^inal  wuhslances.  In  the  above  reaction  the  alo» 
hoi  and  acid  reaot  formiujc  tfie  ester  and  water,  and  tlien  tfie  ester 
and  water  reaot  forming  the  original  acid  and  alcohol.  Instead  of 
writing  reactions,  a.i  we  ordinarily  do,  from  left  to  right,  we  uiust 
write  llietu  from  left  to  right  and  also  from  right  to  lefL  Thus,  th« 
above  reaction  »ho;ild  be  written:  — 

CtH,OK  +  HOOC.CH,  ^  OIt^OOC,It,  + 11,0, 

vhich  meftDs  that  wo  haT«  two  reactions  taking  place  simultaneoiuly 
ia  tho  oppoxito  sense. 

This  method  of  regarding  reactions  not  oidy  agrees  wilh  the 
oxperimsntal  facts,  but  throws  light  on  tlic  wtiole  problem  of  the 
equUibriom  of  reactions.  When,  as  in  the  above  case,  two  sub- 
stances react,  they  do  bo  with  a  definite  velocity,  which  becomes  leas 
as  the  reaction  proceeds,  and  tlie  aiitive  masses  of  the  original  sub- 
stances become  Ie«s.  As  (]tiickly  as  the  products  of  the  reaction 
(ester  and  water)  begin  to  tto  formed,  they  react  with  one  anotltet 
witli  a  velocity  which  at  first  is  very  small,  since  the  maeses  of  those 
substances  present  are  at  first  very  small,  but  becomes  greater  and 
gKater  as  the  masses  of  these  substances  become  greater. 

We  have,  thus,  two  reactions  proceedinR  in  the  opposite  sense : 
The  one  with  a  velocity  which  is  continually  becoming  smaller,  the 
other  with  a  velocity  which  is  ever  becoming  greater.  There  will  be 
a  condition  where  these  tteo  velocities  v:IJt  becomt  eqitaJ,  and  this  ia  tht 
condiliou  of  fi'illihrintn. 

Riinilihrivim  in  a  chemical  reaction  is,  then,  that  condition  at 
which  the  veluciticM  of  the  two  opposite  reactions  are  the  same,  and 
this  ctmception  greatly  simplifies  the  whole  problem.  We  can  apply 
the  law  of  mass  action  to  the  equilibrium  of  chemical  reactions,  just 
as  well  as  to  the  velocities  of  such  relictions.  It  is  only  necessary  to 
make  tho  velocities  of  the  two  opposite  reactions  equal,  and  we  have 
at  once  the  condition  of  equilibrium. 

We  shall  now  study  reactions  of  different  orders  in  the  light  of 
these  conceptions. 

at 
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Equilibrium  in  First  Order  Homo^encoiis  B«actioias.  —  We  b&ve 
sc«n  tliftt  tlic  velocity  of  a  hoiu<^aoous  reactioB  of  the  first  order  is 
expressed  by  tli»  equation,  — 


dt 


=  C(A -:>:). 


wben  A   i.t  the  aftivft  mass  of   tlie  original  substance,  and  x 
Amount  triui!«r(iniii;<l  (luriug  tin?  ri^nctioti. 

BupiiuHe  tbikt  Miv  active  m»xt  of  the  substaiive  formed  from  A  ia 
A,  uiitl  that  X,  (it  tbix  is  retrausformed  into  A,  tlte  veloci^  of  the 
sucuikI  rc^tiou  is,  — 

Since  the  two  reactions  are  exactly  the  reverse  of  one  another,  the 
one  representing  the  transfonnatiun  of  A  into  vl„  and  the  other  the 
trana  format  ion  of  A,  into  A,  we  have  ar  =  —  ae,  and  dx=—  dx^.  Sub- 
stituting this  value  in  the  last  equation,  — 


dl 


=  -C,{A,  +  x). 


■=CM-a-)-0,(^x  +  «). 


The  velocity  of  the  reaction  as  a  whole  being  tli«  sum  of 
velocities  of  Uie  two  individual  reactions,  — 

dX 
dt 

Aa  we  have  juat  seen,  when  equilibrium  is  established  tho  tot^ 
velocity  of  the  reaction  is  zero,  consequently,  — 

C{A-x)-C,{A,-\-x)  =  {i, 
or,  C(A-x)  =  C,iA,  +  x), 

from  which,  g.=^L+f. 

Cj     A  —  JB 

When  the  equilibrium  is  established,  the  amounts  of  the  two  i 
stances  A  and  A^  which  are  present,  are  proportional  to  the  velocity 
constants  C  and  C,  of  the  two  reactions.  This  is  true  independent 
of  the  amounts  of  the  substances  with  which  we  start ;  so  ihaX  know- 
ing the  velocity  constants  of  Uio  two  reactions  we  can  calculate  at 
onco  how  iQuclk  of  each  substance  will  he  present  when  equilibrium 
is  e^tablislutil. 

An  example  of  equilibrium  in  n  homogeneous  reaetiun  af  the  first 
order  would  be  the  transformation  of  amnionitiin  sulphocyanate,  on 
fusion,   into  sulphourea.     According  to  Volhard'  equilibrium  ia 

1  Jitum.  pnikt.  Chem.  9, 11  (1874). 
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establUh«d  in  tbia  reaction  while  there  is  an  appreciable  quautity  of 
both  rabstanoea  present,  and  the  reaction  may  readily  proceed  in 
either  direction,  dependitig  upon  tlie  amounts  of  the  two  subittancea 
present.  Olhi-r  exiinijiles  of  eijiiilibriuiu  in  firHt  order  liomofcenuous 
reaclioiiH  are  known,  liiit  tltt^  munlKr  is  not  lar^fp. 

Equilibriuin  in  First  Order  HeterogeneouB  Be«etioQB. —  In  Mich 
reactions,  it  will  be  rcmeinbered,  the  subsfann'i^'i  ai*'  in  <!itIorcut  states 
of  aggregation:  the  onu  a  solid  and  the  other  a  li'tciiil,  thr  one  a 
liquid  and  the  other  a  gas,  or  the  one  a  solid  iiud  thi.^  other  a 
gas,  and  so  oo.  Since,  as  we  have  seen,  the  activo  niasti  of  a  solid 
tritli  TMpect  to  the  other  states  of  aggregation,  or  of  a  liquid  with 
nsp«ct  to  a  gas  is  a  constant,  the  active  mass  of  the  other  sub- 
stance must  also  be  a  constant  in  order  that  equilibrium  may  be 
established. 

ITic  transformation  of  matter  from  one  state  of  aggregation  into 
another  belongs  under  tliis  head.  The  passage  from  the  solid  to  the 
liquid  state  is  an  example.  The  solid  and  liquid  are  in  equilibrium 
atadelinite  lemjieraturc,  rcgardle.sii  uf  the  amount  of  matter  present 
in  either  stale  uf  a^'j^regatiun.  Similarly,  matt^ir  iii  the  fiirm  of  vajior 
ia  in  equilibrium  with  the  Game  kind  of  matter  in  tlie  form  of  a 
li<)uid,  whttn  the  amount  of  vapor  in  a  given  volume  has  reached  a. 
certain  definite,  quantity.  Such  siniple  trans  formation  a  an  tJtese  will 
!»  dealt  with  lak-r  by  another  method,  so  that  no  further  stress  will 
bo  laid  upon  them  here. 

Tlie  rtriprot^al  transformation  of  cyanogen  and  p(irai'j;niogen  in 
on  escell«nt  example  of  equilibrium  in  a  first  order  hcU-rogeiiewua 
rootion,  cyanogen  being  at  ordinary  temperatures  a  gas  and  pant- 
Cyanogen  a  solid.  At  about  iJOO"  cyanogen  undergoes  transformation 
into  paracyauogeu,  and  above  this  temperature  panwyanogcn  is 
transformed  into  cyanogen,  as  Troost  and  I  lautefcuillc '  have  shown. 
Equilibrium  exists  at  any  given  temperature  between  the  two  poly- 
meric forms,  when  the  vapor-pressure  has  reached  a  cert*iu  dciiDite 
value. 

Another  example  is  tlte  well-known  reciprocal  transformation  of 
yellow  and  red  phosphorus.  When  yellow  phasi)horu3  is  heated  to 
260",  and  still  better  at  higher  temperatures,  it  passes  over  into  the 
red  modification,  as  Hittorf  pointed  out  When  the  red  modiGcar 
tioii  is  volatilized  and  the  vapor  suddenly  condensed,  the  yellow 
modification  is  obtained  again. 

These  reciprocal  transformations  have  been  extensively  studied 

1  Ctmtpt.  r0M[.  «8,  TW  (18G0).  ■  Fogg-  Atuu  1*6,  t»3  (laoC). 
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by  a  nntober  of  inrcctigntors,'  and  «tipecisJly  by  Lcmoinc,  who  pub- 
lished his  results  iind  Uie  ducuwion  ot  tha  wliolo  subject  in  his 
book,  i^niUa  auf  let  EquSibreg  Chimiquea,  which  is  far  less  known 
than  it  d^N<-j-vett  to  be.  For  details  in  this  connection  reference 
must  b«'  IhmI  t<>  his  work. 

Bqailibiium  in  Seoond  Order  Homogeneous  ReaoUons. — The 
velocity  of  ii  reaction  in  which  two  substances  lakp  part,  nnd  where 
all  the  substances  are  in  Ike  same  stat«  of  aggregation,  is  expressed 
tbus:— 


{{f 


=  C(A-x)iB-x), 


wliere  A  aiid  B  are  the  active  masses  of  the  Iwo  subtttatiov-s  which 
react. 

't'lio  velucity  of  thi;  uppositH  reaction  which  takes  place  between 
the  products  of  tbv  lirat  ruactiun  is  expressed  thus;  — 

dx, 


dt 


=  C,{A,-xMB,-x;). 


Since  we  are  dealinj;  with  equivalent  quantities  of  the  different 
snhstaiicBM,  for  equilibrium  x=  — x,  and  fix  =  — <tr^ 

From  tlic  vtli^'ilies  of  tlie  two  reactiontt,  we  Iiave  the  veluoi^ 
of  the  reaction  as  a  whole :  — 

g'=  CiA-xUB-x)  -  C,(A  +  xHB,  +  xy 

For  equilibrium  ~  must  be  equal  to  lero,  whence, — 
at 

0(A-x)iB-x)  -  C,(A,  +  x)iB,  +  x)=0, 

or,  CiA-x)(B-x)  =  C,{A,  +  x){B,-j-x). 

..   G^(A,  +  !t)(Bj  +  x) 
'    C,      iA-x)(B-x) 

If  we  start  with  ^ram-equt valiants  of  A  and  R,  we  would  repre- 
sent their  active  masses  by  unity.  Since  at  the  bt-ninning  of  the 
reaction  neitbcr  ylj  nor  B,  is  present,  their  active  masses  would  be 
zero.     Siibstitutinj;  these  values  in  the  above  equation,  ve  have — 

C  :r* 


c,    (i-xy 


>TrM>stftndKaiil<>f'amci  Ann.  CMm.  Phgt.  [£],  2, 14G  (1B74).    Uowltr: 
A«LCC],1,  343(1874). 


CHEMrCAL  DYNAMICS  AND  EQUILIBRIL'SI 


485 


The  condition  of  equiiibriura  in  a  BMond  order  homogeneous 
reactioa  is,  then,  that  the  velocity  coefficients  are  proportional  to  the 
square  of  the  amounts  of  the  subgtAuces  wliich  bav?  bfi?u  transformed. 

The  above  equation  faaa  hevn  tested  by  a  numtier  of  niethoda. 
Julius  Thomsen  employed  a  nietliod  which  has  already  been  referred 
to,  but  which  will  be  considered  more  fully  in  the  next  chapter, 
based  upon  the  heat  evolved  when  a  salt!  of  one  acid  is  treated  witli 
another  acid,  Knowinff  the  heat  evolved  when  each  acid  act*  sepa- 
rately iiix>u  the  Imjiie,  aud  tlie  h>-at  Hvt  free  when  a  .tall  of  oiii^  of  the 
acids  is  treated  with  the  othtrr  a<-id,  we  liavQ  the  data  iireessary  for 
ealonlatin^'  the  amount  of  the  Ini.se  which  goe»  to  each  ncid  \  in  brit*f, 
the  condition  of  eijiiilihriuni  in  suoh  a  reaction.  Witlnml  (jiving 
detftils  in  thi»  connection  il  may  lie  said  that  tlic  (■xjwri mental  rt^sults 
arc  in  «xocllenL  agreement  with  th«  di'duclion  from  tW  law  of  mass 
action. 

Tin-  simiilcst  and  most  direct  method  of  testing  tlic  alwve  equa- 
tion experimentally  was  that  employed  by  OstwaltL  When  sub- 
stances react  chemically  there  is  almost  always  a  change  in  volume 
produced,  and  the  change  in  volume  is  ditfcrent  for  reactions  between 
different  substances.  Thus,  when  one  acid  is  neutralized  by  a  given 
base  there  results  a  certain  change  in  volume,  which  is  different  from 
the  change  in  volume  produced  when  another  acid  is  neutralized  by 
the  same  base.  The  simplest  method  of  measuring  the  chan^  in 
Tolume  is  to  measure  the  change  in  specific  gravity,  which  is  propor- 
tional to  it. 

Oslwald  carried  owt  the  following  experiment  by  the  abore 
method.  He  winln-il  to  di'termine  how  suljdmric  acid  and  nitric  acid 
will  divide  a  base  between  Ihein.  Me  determined  the  specific  gravi- 
ties  of  normal  nitric  acid,  normal  sulphurio  acid,  and  normal  sodium 
hydroxide ;  also  of  th«  siilulion  containing  equal  volumes  of  the  hase 
and  nitric  acid,  and  of  the  solution  containing  equal  volumes  of  the 
boM  and  sulphuric  aoid.  Nitric  uoid  was  then  added  lo  sodium  sul- 
phate, and  the  specific  gravity  of  this  resuUinx  solution  detftniined. 

From  the  abov«  data  wc  coidd  determine  at  once  how  the  Iixm 
divided  itself  between  the  two  acids;  how  niiicii  of  the  has"*  went 
to  each  acid  when  equilibrium  was  established.  It  wn.t  found  that 
about  one-third  went  to  the  sulphuric  acid,  and  abniit  two-thirds  to 
the  nitric  acid. 

Ostwald  used  his  results  to  test  the  above  deduction  by  calculat- 
ing the  change  in  specific  gravity  which  shoidd  bo  produced  if  this 
equation  is  true,  and  then  comparing  the  values  calculated  with 
those  found  «xi>eri mentally.    The  two  seta  of  values  agree  as  satis- 


486 


THE  ELEMEXTS  OF  PHYSICAL  CUBMISTRY 


faotorily  as  coiilil  W  cxpccUn]  wlien  vr«  consider  tbiit  the  change  in 
rolutnct  which  in  Ui  bt;  itieaxurod  in  xt  vary  small. 

BqulUbrlnm  in  Second  Order  Het«rog«neaiu  B«aotioiu,  where  On« 
Bubxtaace  i>  Solid.  —  If  iJip  rfiictimi  is  hrt»Ttigfiii-ous,  i.v.  th«  sub- 
stances in  ili(ffr.nt  nUites  i>(  jixKr^giitiim,  wc  may  have  ocveral  pos- 
sibilities. Om-  Eiibst'itiii.-'e  ma}'  be  solid  and  tbe  others  liciuid,  or  two 
or  tbieo  substanct-s  may  be  solid.  ^Ve  will  tak«  up  tintt  the  Hiinplust 
i;ase,  where  one  of  the  produi;ts  of  the  rntction  is  a  solid  and  the 
other  substances  are  liquid. 

We  have  seen  that  tlie  nctivo  mass  of  a  solid  is  constant,  and  we 
will  call  this  constant  S.    Tbe  velocity  of  this  reaction  is  — 

§  =  C(A-x)(B-r). 

The  velocity  of  the  ojipoHtte  reaction  is  — 

Wheii  equilibrium  bvtween  the  tvo  reactions  is  established  we 
woiild  liavo  — 

CfS_(A-xiiB-x) 
C  ~        A,  +  x 

If  we  start  with  unit  quantities  of  A  and  B,  at  tbe  outset  A,  =  0, 

we  would  liave  — 

CtS     (1  -  *)* 

-V 5 — 

There  are  many  examples  of  equilibrium  known  which  belong 
this  class.    Thus,  when  two  soluble  subatance^  are  brought  tof^ether 
and  a  precipitate  is  formed  and  only  one  soluble  mbatanoe  remains 
in  solution,  we  have  an  example  of  this  kind  of  e<[ni1ibriura.     The 
action  of  sulphurif  acid  on  liaiiuni  chloride,  giving  liarium  sulpti 
and  hydrochloric  acid,  will  serre  to  illustrate  thi.i  principle. 

It  is  not  necessary  iliitt  the  insoluble  aubstanra  shonld  be  formi 
as  the  result  of  the  read  ion  in  order  that  tt  loaybcloni;  to  this  class. 
One  of  the  Rubatanees  lietween  which  the  original  reaction  takes 
place  may  be  insoluble.  Tin',  aetion  of  an  acid  on  an  insoluble  oxa- 
late would  he  an  example.  When  an  equivalent  of  hydrochloric 
acid  is  allowed  to  act  on  an  equivalent  nf  eak-ium  oxalate,  a  part  of 
the  oxu1nt>^  dissolves,  and  we  have  two  reactions  taking  place  in  tbe 
sen^H  of  the  following  equation :  — 

cSS>+2Hci::;t:caci.4.gggg- 


or, 


ber     ' 
ins 
.lie 

in«t"^ 
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When  thu  velocities  of  the  tvro  opposite  reactioua  become  equal, 
equilibrium  will  b«  established.  The  equation  of  equilibrium  for 
such  a  ease  would  be  — 

dA  -  x)S  =  C,  {A,  +  X)  (B,  +  X), 
C,  _  A-x 

If  we  use  unit  quimtit}'  of  acid,  at  the  beginning  A  =  l,  A,  and 
£,  =  0,  the  above  equation  becomes  — 

C,_l-x 

CS~    x»   ' 

This  reaction  has  been  studied '  in  the  way  indicated  above;  also 
by  starting  with  calcium  chloride  and  oxalic  acid,  when  the  oquatioa 
fint  deduced  applies  U>  it.  I'he  coBclusions  from  theory  have  been 
verified  by  experiment 

Equilibrinm  in  Second  Order  Heterogeneont  Beactions,  where 
Two  Substances  are  Solid. —  If  tA\'o  of  the  Bubntauces  whii'h  take 
part  in  the  reciprocal  reactions  are  solids,  their  active  masses  will  be 
consta.at&  The  equation  for  the  equilibrium  in  such  cases  would  be 
developed  as  follows.     The  velocity  iii  the  one  directioa  would  be^ 

In  the  other  direction, — 

^=C,{A,-x,)St. 

For  equilibrium,  — 

CiA-x)S=C,(A,  +  x)3^ 

■  ...  C,S,      A  —  x 

from  which  —  ~^  =  - — — -. 

CS      A,  +  x 

This  equation  wag  tested  experimentally  by  Guldlwrg  aiid  Waage, 

and  the  results  published  in  their  Studes  mir  In  AJJiniUa  Chimlquts. 

The  following  is  ono  of  the  first  examples  which  they  brought  for- 

jnrd  in  support  of  the  law  which  they  had  just  deduced-     They 

Kndied  the  action  of  potassium  earbonate  on  barium  sulpluile,  which 

rWvW  rise  to  potassium  sulphate  and  liarium  carbonatd.    The  follow- 

tajT nsidts  are  taken  from  their  paper:'  — 

1  JoMm.  pr<M.  Chtm.  [3]  99,  »1  (IBM). 

«  Elm.  A  <Mit.  WStKHJirkaJt.  10*.  22.  Jomrn.  pro**.  Ctiem.  [S],  !»,  OS 
(IW«>. 
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A 

-*. 

C  OtVUBTItl 

»  Ciun-iHtmi 

K» 

0 

SO.A 

40.0 

UO 

0 

GO-O 

C0.0 

uo 

0 

Tl.O 

TOO 

»0 

3& 

X>.Cl 

90.0 

300 

se 

40.8 

40.0 

MD 

60 

0.6  (uac«) 

0.0 

The  agreement  between  the  valuer  ot  x,  ta  found  aiid  w  cal- 
calati>d.  is  vxcpllcnt. 

Similar  «xpcTiin(>iito  were  carriwl  out  by  Ostwald,  tiding  sodinm 
carbonato  iDstead  of  iiolassium  carbonate.  T)i«  agreement  bftwc«n 
the  values  of  x  as  calculated  and  as  found  fixjwrimcntally  is  quite 
satisfactory,  but  not  as  close  as  the  results  obtained  by  Goldberg 
and  Waage. 

Eqnilibrium  in  Second  Order  Heterogeneoui  Bea«tions,  where 
Three  Sabatances  are  Solid.  —  U  liiree  of  Uie  four  &ubstauc«s  nliicb 
entci'  into  the  two  reciiirocal  reacliona  are  solids,  their  active  maoaea 
are  all  constants.  Thrf-e  of  the  afiti»e  masses  are  constants,  jind, 
consequently,  the  equilibriuiu  depcuilit  upon  the  active  niatts  of  the 
fourth  substance,  which  is  not  a  solid.  This  case  has  also  been 
tested  exjierinientally '  by  tho  action  of  lead  oxide  on  ammonium 
obloride,  and  it  was  fuiiiid  that  the  pivNstire  of  tli«  atninoitia  gas  set 
free  at  any  given  teniperatiire  wa^  independent  of  the  amounta  of  the 
solid  substances  which  were  present. 

The  application  of  the  law  of  mass  action  to  the  conditions  of 
equilibrium  in  chemical  reactions  lias  been  as  sucoessfnl  as  to  Ike 
velocities  of  these  reactions.  We  can  deal  with  the  equilibrium  of 
the  more  common  reactiona  more  simply  by  meansof  litis  law  tlian  by 
any  other  method  which  has  been  thus  far  propi«ed.  The  pmblrm 
is  not  only  treated  by  tlie  simplest  nietlKxl  available,  but  by  the 
most  exact.  The  conditions  which  exist  when  nqnilihrium  in  estab- 
liflhed  are  deteniiined  with  ntatliematical  accuracy,  probably  far 
more  accurately  than  by  direct  experiment.  Because  of  the  sim- 
plicity and  acniracy  of  the  mi-thod,  it  has  biien  employed  in  eon- 
neution  with  the  problems  of  cjuilibrtiim  in  chemical  reactions  both 
bomogeiicoiis  and  heterogeneous,  and  of  the  first  and  necood  oidets. 


■  t«unbcTt :  C<ymft.  rtni.  lOS.  1313  (1886). 
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TUE    PHASE    RULE    AND    JTS    AI'I'I.ICATION    TO    CHEMICAL 

EQUILIBRIUM 

The  Fhau  Rule  of  Willard  Gibbs,  —  The  meaning  nf  the  Phase 
Kule  can  be  understood  test  by  aiiidjing  it  in  connection  wiUi 
simple  substances  which  exitit  in  dilfereiit  states  of  aKf[ri>j^Uion. 
We  know  most  subetauoes  in  tliree  ditTerent  stat^H  of  ai^ref^tioii,  — 
Bolii!,  liquid,  and  gaa.  The  different  miKlitications  of  u  BiibNtiinw 
are  known  as  phiuit»  of  that  stib.'it.tTii;!--,  unil  wo  tht^rcfore  know  most 
Bubitancea  in  tJii-ee  ]>b»iics-  It  va»y  occur  that  the  same  substance 
exists  in  more  than  thr^^  phases,  thero  being  two  or  more  pha^ies  in 
the  stune  state  of  agip'eH^ktion. 

These  phases  may  exi-it  separately,  the  pliase  depending  chiefly 
Qpon  the  teinfrerature  and  also  to  a  considerable  extent  upon  the 
pressure,  or  they  may  coexist  in  a  condition  of  equiiibrium  with 
one  auotJier,  Take  a  simple  suliMlanci-  like  benzene;  at  alt  ordinary 
temperatures  it  exi.ttti  both  in  llie  liipiid  and  vajior  phase.  At  each 
^ven  temperature  Uie  vap»r  is  formed  until  it  ai-quires  a  definite 
pressure,  and  wlien 
this  is  renohi-d  we 
have  an  e(]uilibniini 
between  thti  liquid 
anil  vajior  phases. 
If  wc  determine  the 
tension  of  tJte  vupor 
of  benz^rue  at  dif- 
ferent temperatures, 
and  then  plot  the 
curve  expressing  the 
relation  between 
temperature  and 
Tapor-presaure,  it 
would  have  the  fol- 
lowing form  (Fig. 
B«):  — 

The  abscissas  repnuscnt  temperatures,  and  the  flrdiuat«s  pressure*. 
The  eiirve  represents  conditions  of  equilibrium  between  tlie  liquid 
phase  and  the  vajwr  phnse.  Uelow  the  ctirve  we  have  only  the 
vapor,  and  above  only  the  liquid,  in  a  condition  of  Stuble  eqnilibriuiB. 

This  ia  a  very  simple  example,  and  but  serres  to  show  the  mean- 
ing of  the  term  "  phase,"  and  of  equilibrium  between  different  phases. 

Let  us  now  take  a  substance  which  exists  in  thiM  phases,  and  a 
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T«ry  good  cicample  U  water.  Water  exists  aa  a  solid,  liquid,  or  gai, 
rtepending  chieBy  upon  th«  temperature,  and  also  upon  tho  pressure. 
If  we  <Ira«  the  temperaiur^preaaure  curves  representing  the  con- 
(litions  of  equilibriuiQ  lietwcon  the  different  phases  of  wBtcr,  the 
curves  would  take  the  fullowiug  forms :  — 

The  curve  PA  (Fig.  ttH)  represents  Uie  ooaditloQ  of  equilibriutn 
between  liquid  water  and  watet-rapor.    Below  this  curve  the  vapor 

is  the  stable  phase, 
above  it  the  liquid. 
The  curve  PB  is  the 
line  of  equilibrium 
between  the  liquid 
and  tlie  Mlid  pliaites 
of  water,  the  liiiuid 
bvjng  tlw  atable 
phase  to  the  right 
of  this  Purve  and 
ftbove  the  enrve  PA, 
while  the  solid  ia 
the  vtaUe  phase  to 
the  left  of  PB  and 

aboro    PC.       The 

eurro  PC  is  the  line 
of  oquilibiium  be- 
tween the  solid  phase  of  water  and  water-vapor  j  above  this  curve 
and  to  the  loft  of  PB  ice  is  the  stable  condition,  while  below  this 
curve  and  PA  water-vapor  is  the  stable  phase. 

.  It  will  be  observed  that  the  three  curves  intersect  in  a  point 
which  we  have  called  P.  This  point  has  properties  wlwrh  make  it 
of  special  interest.  Since  it  is  conunoo  to  all  three  curves,  it  means 
that  at  this  temperature  all  thre«  phases  of  water  have  exa^Uy  Ihe 
same  rapor-preaaurc  That  such  is  the  case  van  be  shown  by  the 
following  considerations.  Take  the  liquid  and  solid  {iluutce.  The 
point  P  reprcauite  the  temperature  at  wbieh  ice  aud  water  are  in 
equilibrium  under  their  own  vapor-tension.  Since  this  in  mu<rh  Ics* 
than  an  atmosphere,  being  in  faot  about  <1  mm.,  the  tvmperatuTO  of 
the  point  P  is  slighUy  above  xero,  stnoo  preasure  lowers  the  fro^zin^- 
point  of  water.  If  the  vapor^ension  of  the  ice  is  not  tli«  nme  as 
tliat  of  the  water,  it  must  be  eitJier  greater  or  less.  If  it  is  gieater,  j 
the  ice  will  vn)ioriui  and  the  va[M>r  condense  as  liquid;  if  it  is  less,! 
the  water  will  vaporin)  and  the  vapor  froeie  to  ice.  Since,  however^ 
by  hypotliHiis  tliis  point  represents  a  c<Hiditioo  of  oqailibrium  ix 
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tween  these  plia^s,  wlier*  iioither  caw  innrftasfl  at  tho  exponso  of  the 
other,  we  could  not  lia,vo  <^itlior  «f  thij  abi>vv  (conditions  realized. 
Tberafore,  since  the  vajior  im'ssure  of  the  ico  ctiimot  bo  greater  than 
that  of  tJio  water  at  this  toinjieraturo,  and  cuonot  be  lees,  it  must  be 
equal  to  it. 

A  .spreijil  name  has  been  given  to  tho  point  P.  Sinoe  it  repre. 
Bcuts  a  ixitidition  of  vquilibniim  between  three  phases  it  is  kuown  as 
a  Trij>l€  J'i/im.  The  curvea  I'A,  J'B,  and  PC  represent  cotiilitions 
of  wiwililirium  between  two  phaseB,  and  the  areas  PAR,  PRC,  and 
PVA  rt'prcsent  conditions  under  whitJi  only  one  phase  is  ktaUe. 
Wo  can  now  state  and  apply  the  fjeneralization  known  as  the  Pham 
Bulo,' — If  (Ae  ««»wfcer  of  phtuva  tjvpecix  rkr  nuTitbitr  of  waijionents  bff 
tv!o,  the  mf^em  U  non-variant,  or  has  no  degree  of  freedom.  This 
meanH  that  none  of  the  conditions  can  lie  varied  without  destroy- 
ing the  equilibrium.  The  trijile  jioiut  7*  is  an  example  of  a  nni- 
variaut  system.  The  number  of  phases  ii*  three  and  tlio  number 
of  ciiiiiiJonent.H  one,  atid  wo  rannot  vary  either  the  temperature  or 
the  pressure  without  disturbing  tho  oipiilibriuui  between  the  three 
phases. 

l/tlm  nufnbtiT of  phoifs  excvedt  the  nuinlier  of  componentii  ltgonf,tlie 
«yjif«in  (»  mauonariant,  Iiaving  one  di-gree  uf  frt^ilnni.  Tliis  is  the 
ca«e  ill  tlie  .tystems  PA,  PH,  and  PC.  Thi;  nninbt:i'  of  phafies  is  two, 
and  IIm:  DuniU^r  of  i;oni]H>n(iiits  one,  and  there  vxista  one  variable 
along  thesv  cmve*.  \\>  can  %'ary  (olhor  Uii'  t<'ni]icT»tiirc  or  the 
|>re«SUTe,  provided  wr  keep  on  the  curve,  wiUiuut  di'stroying  the 
oquilihriiim  between  the  two  phosi's. 

If  the  nitmiier  of  phasta  i'«  tqual  ti>  the  liumAer  of  componenU,  Ike 
»y9tem  in  diitariattt,  having  two  degrees  of  freedom.  This  is  exem- 
plified by  the  areas  PAB,  PBV,  and  PCA.  The  number  of  phases 
is  one.  and  the  nuniboi  of  components  one,  and  two  variables  exist. 
We  can  vary  both  the  t«mperaturo  and  the  pressure  provided  that 
we  keep  within  the  given  area  without  in  any  wise  destroying  the 
equilibriiuQ. 

We  have  now  seen  what  Uie  phajte  nilo  is  and  what  is  meant  by 
triple  point,  a  non-variant,  munovariant,  and  divariant  8yst«m.  It 
possible  to  have  more  than  three  phases  in  equilibrium  at  a  point. 
If  there  are  four,  tlio  point  is  a  quadruple  gxiint;  if  five,  a  quintuple 
point,  and  ko  on.  And  just  ns  we  liave  liail  non-variant,  monovari- 
ant,  and  divariant  Kyst«nui,  m  if  the  uumber  uf  cumponenta  Is 

>  It  li  a  inaiu^  nt  iiu  liTtle  rridti  to  AmMlMlM  to  know  that  this  liDDOTuint 
een«nUualion  was  ducovured  bj  J.  Wiilaid  Gfbha. 
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greater  than  on«  ire  may  k&ve  systeniB  vh^K  there  are  still  a  largfr 
number  of  degrees  of  freedom.  Witb  ih«so  fiuidAmt-utal  c-oncop- 
tioiis  clearly  in  mind,  ve  shall  now  ap^Iy  ihe  phase  rule  to  a.  uunitxr 
of  probl<-m.t  iu  cheiuieal  equilibrium. 

EqiiilibriiiM  between  Afferent  PhBMS  of  the  Same  Snlntaaoa  — 
Th*f  Kixa^s  which  wtt  have  jhmi  I'xiimiiied  rejireseiit  cy>ndiliuii3  of 
equilibrium  U'tweeii  different  i>liiLsc-»  of  tlie  same  eubetance.  They 
have,  howorer,  lN>en  eunsidert^  only  fniiii  one  standpoint  as  illustitt- 
tions  of  tJio  {>liiiKi>  rule.  Wc  intut  now  study  more  carefully  a  few 
cases  where  only  one  subs)^io<^  i»  involved. 

Ab  an  example  of  onr  rufrxtanct  exivtittfj  i»  ttco  jiAcum  we  nuy 
take  any  tvo  of  the  phases  of  water,  or  the  two  phases  of  iKtnzcne 
already  considered.  The  curve  represents  ao  equilibrium  l>ctwcen 
the  two  phases,  and  sinco  there  is  one  component  and  two  phases, 
w«  bare  a  monovariast  system.  Wo  can  rary  eiltivr  the  temporik 
ture  or  the  pressure,  provided  we  keep  within  the  bounds  of  this 
curve,  without  destroying  the  cc[uilibrium.  Tlic  areas  above  and 
below  the  curve  reptescnt  divariant  systrms,  within  wliicli  both 
temperature  and  pressure  can  bo  varied  without  destroying  the 
phase.  Being  ouly  one  curve  there  is  no  point  of  interscvtlbn,  and 
consequently  uo  triple  point. 

For  ail  example  of  ime  tuUatamx  exiaincf  in  thiw  phtuta  let  US 
return  to  the  tomperature-proitsure  diagram  of  water.  The  follow- 
ing contains  in  addition  to  the  attove-meutioned  curves  the  curve  PCi, 
and  this  calls  fur  itiiceial  comment.  The  three  curves  PA,  Pti,  PC, 
in  the  diiigrani  fi)r  water,  represent  vonditiuns  of  stable  equilibnun ; 
but  we  kiiijw  that  we  may  cool  water  far  below  lU  IreeKJug-point 
without  the  separation  of  im  if  there  is  no  dust  or  other  soliil  matter 
present;  and  we  may  hwit  wati-r  more  than  100*  above  ita  boiling- 
point  without  itbullitiou  taking  place  if  all  impurities  have  boon  re- 
moved. These  conditions  which  were  not  taken  into  account  at  all 
in  the  original  diHcussion  are  usually  referred  to  as  conditions  of 
unstable  equilibrium.  Since  sucli  coudittons  simply  represent  de- 
grees of  stability  this  t«rm  has  been  aliandoued  in  favor  of  metas- 
table  equilibrium. 

The  curve  PC,  represents  a  condition  of  metostiible  ec|uilibrium 
for  water.  The  instant  a  mere  fragment  of  tlie  solid  phase,  ic«,  is 
introduced,  freeziug  begins  and  ice  separates  until  the  metastable 
passes  over  into  the  stable  condition.  This  shows  tliat  the  stability 
of  tlie  different  phases  is  purely  relative. 

An  idtra  of  the  quantity  of  the  phase  stable  under  the  conditions, 
which  is  required  to  transform  a  metastable  into  a  stable  phase, 


CHEMICAL  DTSAMICS  AND  KQUILrDllHJM 


493 


K 


P 


^*e»ii  be  olitiiinml  from  on  itirc«lig!ttion  by  Ostwiild.'  He  liaa  ftliown 
if  (ui  nlaiost  iofiititesiaiaJ  amuunt  of  thu  sUtbIc  {itiuse  in  preaeatt 
le  nebwlofale  phase  cati  no  lougiu-  exist  as  sui-h,  but  pusst^  otct 
iaUt  Ui«  pliaxo  wliicb  is  stable  under  the  conditioiis. 

Attention  most  be  called  to  one  further  point  in  connection  with 
the  ti'iujKtraturo-preBSUia  diagram  of  water.  The  cnrvcs  do  not  run 
out  indefinitely  from  the  point  F,  but  stop  abruptly  in  the  middle 
of  the  diagram.     What  does  this  mean  ? 

Take  tlie  curve  PA.  which  represents  thfi  condition  of  equilibrium 
between  water  and  water-vajior.  \\'e  iujow  that  there  !»  a  tempera* 
ture  above  which  the  vajior  of  water  cannot  be  liqutrfied,  the  two 
phases  in  this  region  existing  an  one  pluuie.  Thl.t  iit  tlio  well-known 
critical  temperature  of  thtr  nulKtbuice.  At  the  critical  temperature 
we  have  also  tliv  <rrhii-al  pivHi^urit.  These  two  critiiii!  conxtanls  for 
water-va)ior  are  repre«eut«d  by  the  point  A  as  the  extreme  of  the 
curve  PA. 

ThiK  comparatively  Miinple  diagram  is,  then,  a  shorthand  cxpre»> 
ion  of  a  large  nunilw-r  of  cxpmi  men  tally  established  fact* 

We  have  in  sulphur  a  go<Kl  example  of  one  xiibslanrt  exinting  in 
/bur  fthKxi'jt.  Wc  know  two  solid  phiiscs  of  sulphur,  —  the  one  stable 
at  ordinary  Utwipi-ratiin^fi,  crystallising  in  the  orthorhombic  system, 
the  Other  Htable  at  higher  temperatures,  crystallizing  in  the  mono- 
clinic  system.  The  orthurhombic  melts  at  US',  passing  over  into 
the  liquid  phase.  If  kept  at  a  temperature  just  below  its  melting- 
point,  it  passes  into  the  monoclinic  form.  The  niunoclinic  sulphur 
is  also  formed  when  the  liquid  phase  is  cooled  slowly.  Monoclinic 
sulphur  melts  higher  than  orthorhorabio,  at  120'.  Wheu  the  mono- 
clinic phase  is  kept  at  ordiuajy  tenii)er.ature«,  it  passes  over  gradu- 
ally into  t)ie  orthorhombio  phase,  which  is  the  stable  form  at  these 
tempeiaturoa. 

At  higher  tenijieratures,  as  we  have  seen,  the  orthorhomhio  passes 
into  the  niouocliiuc.  Thcn-fiin>,  at  low  tenijieratiires,  the  orthurhom- 
bic is  tlie  stable,  the  moixxiliiiic  the  metaslable  ])hase.  At  higher 
temperatures,  up  to  131*,  the  monoclinic  is  the  stable  phase,  while 
the  orthorhoiubic  is  the  metastabic  phase.  The  tcmiwrature  at 
which  the  two  solid  phases  are  in  equilibrium  —  at  which  both 
solid  phases  can  coexist  without  either  passing  into  the  other  — 
is  known  as  the  tmiiailion  tfmp&nilurt,  and  for  sulphur  this  fs  95*-6i. 
In  addition  to  the  two  solid  phases  of  sulphur  we  have  tbo  liquid 
and  the  vapor  phases- 
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If  ire  plot  the  temp^ratot^-piessun  diagram  of  salpbur  as  we 
did  that  of  vater,  it  would  bare  the  following  form :  — 

The  diagram  is  considerably  more  complex  than  the  diagram  for 
water,  where  only  three  phasee  were  piesent;  yet  the  principles 
invoIvM  are  exactly  the  same;  and  if  we  onderstood  the  diagram  for 
wat«r,  this  should  offer  uo  serious  difflcolCjr. 

Beginning  with  the  conditions  of  equilibrium  between  orthorhom* 
bic  suljihur  aud  suljihur  vapor,  these  are  represented  by  the  curve 
PB.    The  curre  PP,  ia  the  vapoi-piessure  curve  of  monoclintc  sul- 
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phur,  while  P,C  is  the  vapor-preasure  curve  of  liquid  aiilphur.  The 
point  /'  is  the  transition  point  of  orthorhoinbic  and  moDodtuic  «ul> 
])!iiir.  The  curve  PP^  represents  the  conditions  of  e<iuilibciiiiB 
between  orthorhoinbic  aud  monoclinic  sulphur,  and  any  point  dd 
this  curve  is  therefore  a  transition  point.  The  curve  PiPf,  repre- 
sents equilibrium  between  monoclinic  and  liquid  sulphur,  and  ia 
therefore  the  curve  of  the  melting-point  of  monoclinic  auljihur. 
Just  as  the  curve  (i'P,,)  of  the  transition  point  of  orthorhoinbic  and 
monodiruc  sulphur  slopes  to  the  right  aa  it  riaes,  showing  an  io- 
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crease  in  temperature  with  incteaae  in  pressure,  ao  the  cun-e  of  the 
melting-point  of  moDOcUoic  sulphur  (P,Pii)  slopes  to  the  right  its  it 
riaes.  This  is  but  one  of  msnj  aualogies  between  tiauaitton  jroiuts 
and  melting-pointe.  These  two  curvsH,  however,  meet  al  the  point 
Pfi,  which  corresponds  to  a  temiierature  of  131°.  The  oiirve  P,,E  it 
the  curve  of  equilibrium  between  orthorhouibic  and  Uquiil  sulphur, 
Le.  the  curve  of  the  meltjug-poiut  of  orthurhombio  sulphur  with 
increase  in  pressure,  nionocliiiic  sulphur  \mug  incapable  of  exist- 
ence beyond  131°,  no  matter  how  high  the  pri^tsure. 

Lot  ua  turn  now  to  the  dotted  curves.  PA  represents  the  vapor- 
pmanro  of  mctastable  monoclinic  sulphur.  This  is  greater  below 
the  transition  point,  its  we  would  expect,  than  the  vapor- pressure  ot 
the  stable  orthorhombic  phase.  Above  the  transition  pijiiit  orllio- 
rhombic  sulphur  is  the  motastable  phase,  and  It  has  in  tliis  re^oQ 
•  higher  vapor-pressuie  than  the  stable  monocliuic  phase.  This  is 
letnesentcd  by  the  curve  PP^j,  the  prolougatiou  of  PR.  If  now  we 
prolong  the  curve,  Pfi  represenlinn  eijuilibrium  between  lt(|uid  sul- 
phur and  iU  vapor  until  it  meets  the  prolongation  of  PB,  it  will  do 
so  at  P,„.  If  now  we  join  P,„  aitd  P,„  the  curve  will  retireseiit  the 
e<)uilibniiiii  Lietweeu  orthurhumbic  sulphur  and  liquid  itiilpliiir,  i.e. 
th«  tnel ting-point  of  orthorhoiiibio  aulphur,  and  the  effect  of  pressure 
as  increasing  the  temperature  at  which  this  phaiie  will  melt. 

We  have  now  examined  all  the  curves  in  the  diagram.  Let  us 
what   kinds  of   systems   they    represent.     The  poitit  P  rcpre- 

it9  eipiilil}riuiit  between  the  three  phft,si,-s  orthorlioinhic,  mono- 
dialc^  and  vapor,  and  is,  tliereforc,  a  triple  point.  Similarly,  i>, 
i«pr«sftntM  equilibrium  between  monoclinic,  vajKir,  and  liquid;  P^ 
betwoeu  orthorhombic,  monoclinic,  and  liquid,  and  P,„  (in  the  rnvtas- 
taUv  region)  between  orthorhombic,  liquid,  and  vapor,  and  these 
arv  all  triple  points.  We  have,  then,  four  triple  points,  and  since 
there  is  one  component  and  three  phases  the  systems  are  iion- variant. 

Take  the  curves.  PB  represents  equilibrium  between  orthorhom- 
bic  and  vapor.  PP,  between  inonoctiuio  and  vapor,  Pfi  between  liquid 
and  vapor,  V,P,r  between  monoclinic  and  liquid,  P„P  between  ortho- 
rhombic and  monoclinic. 

Take  the  dotted  curves  representing  equilibria  in  metastable 
re^ionii.  PA  is  the  curve  of  equilibrium  between  monoclinic  and 
vapor,  PP,„  between  ortliorhomliic  and  vapor,  P,Pi,i  between  liquid 
and  vajwr,  and  P,iP„t  between  orthorhombic  and  liquid. 

These  systems  represent  conditions  of  equilibria  between  two 
phases,  and  since  tlie  number  of  comjionents  is  one  they  are  mono- 
variant  systems. 
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Take  ftonlly  th«  amu.  Within  BPP,C  *a)phur  is  stable  only  in 
tbe  fcinii  i)f  Tii|wir,  witliin  CI'il'uK  tho  Liquid  is  the  stable  form, 
within  lil'ul'B  the  orthorhombic  is  tbe  stable  pliose,  and  within 
PP,Fu  \Xw-  monoclinic  is  tbe  stable  form.  These-aroas  each  repre- 
sent cHi«  stable  phase  of  thi>  substance,  and  since  there  is  ooly  one 
oonponent  these  systems  are  divariant. 

80  mocb  for  the  conditions  of  equilibria  where  there  is  one  com- 
ponent and  four  phases. 

We  have  thuH  far  considered  the  cases  where  there  is  one  oorapcv 
nent  and  two,  three,  and  four  phases,  there  being  two  variables,  — 
tempc-niture  and  pressure.  We  must  now  oousider  a  few  cases  where 
there  ih  one  com|)oueiit  and  three  variables. 

Eqailibrium  between  Two  Phaies  of  the  Same  Snbata&ee  when 
Three  Conditions  are  Variable.  —  The  plia.'«-N  whi<;h  u-c  will  s\\u\y 
are  the  li<tuid  and  vapor  phases  of  a  pure  gubeUuuic,  like  water.   Tba 

nilations  between  \\ieM:  two 
phases  can  be  »e<.^n  by  rt-fcr- 
enoe  to  tiie  pcossuTv- volume 
curves  or  iaothermais,  since 
for  each  curve  the  t«iKpera- 
tur«  is  constant.  If  vro  start 
with  a  rapor  under  a  small 
pr«ssure,  and  increase  the 
pressure,  the  volume  will 
diminixb.  The  iaoihermal 
tib  (Fig.  fi8)  represents  the 
relations  between  these  two 
variables.  At  A  a  portiora 
of  the  vapor  may  beoome 
liquid ;  if  HO,  further  dimi> 
niition  in  volume  can  take 
place  without  iiiffrftasiiig  tbe 
pressure.  At  c  all  the  vapor  hu^  become  liquid,  and  Iwyoud  this 
point  enormous  pressure  is  required  to  pro<lnoe  small  ehangsa  in 
volume.  This  is  shown  by  the  dc  portion  of  the  isothermal  rising 
nearly  parallel  to  the  ordinate.  The  isothormals  for  higher  and 
higher  temperatures  resemble  the  one  just  considered,  a  greater 
pressure  being  required  at  the  higher  temperature  to  liquefy  the 
va])or.  Finally  the  isothermal  is  reached  whit-h  parses  through  the 
critical  point  C',and  this  takes  the  form  of  the  highest  curve  shown 
in  the  figure. 

In  any  one  of  tbe  above  curves  we  hare  allowed  only  pressure 
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and  volume  to  vary.  Suppose  now  we  allow  ulso  temjisriitiire  to 
T«ry,  and  use  the  tliree  variables  aa  coilitUtiates  on  whicb  to  plot  the 
rrlutions  of  the  liquid  and  vapor  pliasps  of  a  substance.  The  li^nire 
would  have  the  form 
shown  in  the  akeU'b 
(Fig.  59),  The  position 
of  the  ietotbernials  ih  seen 
at  ODce,  also  the  legiuu.i 
of  pure  vapor  ami  of 
pure  liquid,  and  the  inter- 
mediate heterogeiiLHius 
re^on  in  whtdi  Ixitli 
phased  arc  prmient. 

VCt  luAy  in  tlit'  winn; 
manner  liavo  vquilibrhim 
btlwecn  tkrte  pkitaea  of 


PlO,  GO. 


rtf  mmf  »ubslance  tm'th  three  conditions  vatiaMe,  but 

a  detailed  study  of  such  cases  would  scvarcely  add 

to  wli.tt  has  iilrc;uly  hppn  Iparned, 

-;;'  Eqailibriom  between  Phases  of  Two  Substances. 

JP    — We  shall  not  take  up  the  largo  number  of  condi- 

^         tions   of    physical    eqiiilibrimn    between    the   anb- 

stanees,  such  as  the  solubility  of  a  solid  in  a  liquid, 

etc..  since    these    have  been   referred   to  in  other 

conneclions;    but   pass  at  once  to  the  conditions 

of  chemical  equSUbrfum  fc^fueen  (wo  components  and 

thrre  jihtim^H. 

A  OH«i;  which  is  generally  diK<'iissed  because  of 
its  ooinpoiati vo  siinpticity,  is  the  ei]uilil>riuin  be- 
twriMi  H  salt  containing  water  of  crystalti&ition  and 
water-vapor.  It  liiis  liecn  shown  that  iJiis  de]iondi( 
upon  tin:  (own'on  of  the  watvr-vapor,  and  we  must 
first  consider  a  method  by  which  this  is  measured. 

The  apparatus  first  used  by  Frowcin'  was  sub- 
sequently improved  and  used  by  tin;  Kame  inves- 
tigator.' The  tcnsimeter  is  represented  in  th« 
following  sketch  (Fig.  60): — Th«  finely  powdered 
dry  salt  is  placed  in  tlie  bulb  a,  and  sulphuric  acid 
in  b^  The  bottom  of  the  bent  tube  is  partly  filled 
with  oil,  and  the  apparatus  evacuated  and  sealed.     The  whole  ap. 


Pla.  60. 


>  ZUfAr  ptifM.  CA4m.  1. 10  (1B8T). 
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paratuB  is  placed  in  a  thennostat  bath  and  kept  at  a  constant  tem- 
perature iinli)  there  iii  uo  further  cJiauge  in  the  levels  of  the  oil  ia 
the  two  anna.  The  salt  has  theu  «xerted  its  maxituum  vapor-teiuiioii, 
vhici)  ia  Dieaaured  by  the  difference  in  the  heights  of  the  columiis 
of  oil  in  the  two  anns.  If  the  salt  is  in  the  piosenee  of  water-vupor 
at  u  tension  less  than  the  roaxinnim  tension  of  it«  own  water-rajwr, 
it  will  ooutinae  to  lose  water  until  tliis  tension  is  established. 

Toko  th«  cue  of  copper  sulphate  with  five  molecules  of  water  of 
crystalliiation.  If  this  is  placed  in  a  desiccator  where  tlte  tension 
of  the  wut«r-va|M>r  is  practically  xero,  it  will  lose  vrater  and  pasa 
over  into  thu  hydrate  with  Uiree  molecules  of  water  of  cr^stulliia- 
tion.  This  vrill  continue  to  lose  water  and  form  lower  hydiatM, 
and  finally  the  nii>nohyilmli>'.  The  ubore  transitions  can  be  nvAdily 
followed,  siiK«  there  is  a  sudilen  change  in  the  maximum  t^iisioa 
ta  we  pass  from  one  hydrate  to  another.  The  teiuitni  of  aqueous 
vapor  in  passing  from  the  pcniahydratu  to  the  trihy<lratef  at  the 
temperature  at  which  the  mcastirvmonLs  were  made  (90*),  was  found 
to  be  47  mm.  As  soon  as  the  trihydrate  was  reached  the  tension 
of  the  aqueous  vapor  fell  to  SO  luni.,  and  the  monohydraie  had  a 
vajwr-tenaion  of  only  4.4  mm.  While  there  is  any  pentahydrate 
present  the  vapor-tension  is  47  mm.,  while  any  of  the  ttihydnite 
exista  the  tension  is  30  mm.,  and  so  on,  the  tension  lieing  that  of 
the  highest  hydrate  present. 

This  method  has  been  used  to  good  purpose  in  disoovcring  the 
existence  of  new  hydrates,  which  cannot  be  prepared  by  the  ordi- 
nary methods.  The  higher  hydrates  arv  dehydrated  at  a  constant 
temperature,  and  the  vapor-pressure  measured  at  short  intervals 
during  the  process.  Sudden  drops  in  the  ntpor-pressure  would 
show  the  existence  of  bydiatea  containing  a  definite  Duniber  of 
molecules  of  water. 

We  are  dealing  in  the  above  example  with  equilibrium  between 
three  phases  and  two  com  pone  ots ;  the  ])hases  lieing  the  liigher 
hydrate,  the  lower  hydrate,  and  aqueous  vajwr;  the  compouents 
being  the  anhydrous  sait  and  water.  The  number  of  phases  ex- 
ceeds the  number  of  components  by  one,  and  tlie  system  is,  there- 
fore, munovariant,  or  has  one  degree  of  freedom.  We  can  rary 
either  the  temperature  or  the  pressure,  but  for  each  tempeiatuie 
there  is  a  definite  pressure  of  the  vrater-vapor. 

If  we  plot  these  curves  in  a  pre-esure-temperature  diagram,  they 
would  have  the  following  form  (Fig,  61),  the  curves  OC,  OB,  OA, 
corresponding  to  the  peiitit-,  tri-,  and  mono-hydrates  respectively. 
The  vapor-tension  curve  for  ice  OF,  for  water  P£,  and  for  soln- 
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tions  saturated  with  tho  p«!ntabydrat«  P,0  are  added.  Since  a 
■oliition  has  a  smaltffr  vapor- pressure  than  the  pui-e  sulvont,  P^D 
fulls  b«Iow  I'E,  and  it  vuts  the  curve  OP  for  the  vapor-t«uflioa  of 
ica  at  the  point  7*j,  which  is  tho 

Kyohjdric  point  far  the  solution. 
hLs  point  rcptvscuts  cquilihrium 

between  Lho  four  phases, — solution, 

pentahydrate,  ice,  and  vapor, — and 

is,  therefore,  a  quadruple  point. 
^B      if  we  examioo  the  regions  we 
^BW  that  the  anhydrous  salt  can 

exist   in   AOT,    the  monohydrale 

in  AOn,  the  trihydrate   in  BOC, 

the  pentahydrato  in  COr,D,  dilute 

Bolutioue  of  the  peutahydvate  in 

DP,PE,  water  in  EPF,  and  ice  in 

»OP,PF. 
Let  us  turn  next  to  conditions  of  eimlihnum,  between  two  enmpo- 
ncnln  anil  fuur  jifuui-ji.  Wc  shall  denl  with  hydrated  salts,  i.e.  those 
<!ORt4tining  II  certain  number  of  molecules  of  water.  We  may  have  » 
nnmber  of  sneli  hydrates  formed  by  tlie  union  of  one  molecule  of  the 
salt  with  a  rarying  uumWr  of  moUvules  of  water.  The  hydrate 
containing  a  larger  amount  of  water  may  pass  over,  while  in  sola- 
tion,  into  the  hydmte  with  a  smaller  amount  of  water  if  th^  tom- 
perature  is  raised.  Karh  of  tiieso  hydrates  represents  a  definite 
phase,  the  saturated  solution  represents  another  pliaae,  and  the 
vater-rapor  stil!  another  phase. 

We  shall  study  in  some  detail  the  hydrates  formed  with  ferric 
chloride,  these  having  l>een  carefully  investigated  by  Rooiebooin.* 
He  found  that  tliere  were  four  hydrates  of  this  suhslanee  conLaimng 
tw«lv(*,  seven,  fivti,  and  four  molecules  of  water,  and  Uieir  melting- 
points  wrre,  respwitively,  37*,  32=.5,  i56',  and  7.r.5;  at  llie  melting- 
point  the  liquid  and  the  solid  having  the  same  cOtn)iositi<>n.  If  to  a 
(used  hydrate  anhydrous  salt  is  added  step  b^  step,  a  new  hydrate 
Trill  make  it«  appearance  containing  a  smalli'r  number  of  moleciiles 
of  water.  This  is  known  as  the  transition  tcmiwratuie.  Taking 
into  account  the  formation  of  the  highest  liydratc  by  adding  the 
aobydroiia  salt  to  water,  and  also  the  transition  temperature  from 
the  lowest  hydrate  to  the  anhydroua  salt,  the  transition  temperatuTea 
are:  - BB»,  27»,4,  30',  55",  66'. 


>2(«cAt-.j)Ayf.  CAcia.  U,  iV  (1S»). 
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also  drtcrainfld  tbe  tnupoMtkn  ot  the  aatuiafid 
hjdntes,  and  bom  thu  d&u,  together  with  the 
1  tnaaitioa  pciau,  pluU«d  tbe  foUuwing  curres 
(Wig.  fiS)»'  wliidi  an  govt  in  tfaiir  original  f  (irm.  The  abeeisBaa  an 
tCBpecatona,  Oa  criimrtet  ogowptTatKBi  of  the  adiitioo  expnsaed 
inituuberof  moleealeaoC  F'^Cl,' toons hoitdml  tnoleculea of  water. 
SUrtini;  Imu  the  point  A,  vhtch  npT«s«nU  eqoUibriutn  Ijetwwa 
waler  and  W,  and  Mldiog  the  aalt,  th«  f reran g-paint  of  w»trr  \*  low- 
ered, aail  thtt  19  repreiealed  bj  the  curre  AB.  Wlicn  Uie  lemym, 
tne  —  &c^  i*  tfscbed,  Um  Kilatiaa  b  ntnrated  with  the  hydnle 
=  Fe^CUlS  HA*  ">d  tliU  •epaiatei  togelber  with  thfl  ic«.  We 
bare  bm  a  crjrohjrdnSe,  and  this  is  the  crjohriiric  point.  IS  mate 
M]t  U  added,  w«  bare  then  the  sohibility  of  th«  dodecahydrater  and 
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this  is  rcpniwntod  by  the  curre  BC,  Uw  point  Cbeinit  that  at  which 
this  hydrate  ivjianitM  id  solid  form,  tlio  }uituntt<sl  Kultition  aud  tbe 
solid  havint;  here  tlic  tuiine  (imposition.  SindC  the  p«Hnt  of  nolidift- 
ealion  is  the  sanio  a»  tbo  melting-point,  this  tviui>cnture,  37%  ts  the 
melting' point  of  the  dwlocahydrste. 

If  luon?  Bait  iH  adilrd  to  the  fused  hrdratc,  Um  curve  t:tkos  the 
form  Cljy,  but  at  tho  {mint  O  a  new  hydrate  makes  its  appoarance, 
containing  seven  molociilea  of  water.  T)iis  is,  th«refore,  a  transition 
point  The  airre  f>.Y  represents  a  eomlition  of  metaatable  etinilih- 
riuni,  Starting  from  D  and  continuing  to  aild  th«>  salt,  we  have  the 
beptahydrat«  separating  at  E  (3'i*.5).  We  thmi  jiom  tlimngh  Xhfi 
transition  ]>oint  F  (30*^  into  the  raetastablc  rt^on  FP.    Starting  at 


I  ZuiJir.  phyw.  Chm.  1(K  «»  (180S). 

■  Since  llnoiebooni  nw*  Fv>|C1(  It  will  tw  rMatned. 

■  111  ci>ii[i(<rilr>]i  itKIi  Uiew  more  cumplez  enaea  Rfmbols  an  bwpMMOf  VMd 
itutcnd  n[  ilio  nnii)«a  of  eompounda  to  alitplUy  caiDjwriwa  With  th»  dISgnaB. 
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Fani  adding  more  salt,  we  pass  through  the  mt-Uitig-]K)iiit  O  (56°) 
to  the  trauaition  i)oiiit  i/^  (55°),  and  so  on  tiiilil  A'  i%  r<rachi.'d,  and 
this  is  the  transition  point  between  the  luwettt  hy<lrato  and  the 
anhytlroiiii  salL  The  curve  KL  represents  Uie  solubility  of  anhy- 
drous ferric  chloride. 

Tliis  i:urvt-  prenentM  a  nunilicr  of  points  of  interest.  It  had  a 
nuinlHT  of  ipuulrnplv  |iuinl«.  Tim  traiisition  points  represent  iqui- 
libria  betwKi*n  tho  two  hydri^tvs,  thv  saturated  solution,  and  wutiu-- 
vapor;  i.e.  Ix'twccn  four  phases,  and  arc  therefore  quadruple  puinls. 

The  curves  AJi,  liCD,  DKF,  FGll,  UiK,  and  KL  represent  sulu- 
tions  in  stable  equilibrium  with,  respectively,  ice  F»,Cl4l2H/), 
Fe/n(7H,(),  Fe,CI,5 11,0,  Fe,CU-i  1I,0,  and  anhydrous  Fe,Cl..  The 
eurves  DO,  DN,  FP,  FM,  and  IJIi  represent  eipiiiibriii  in  inetaslablo 
regions. 

As  R^iOMbooni  jioints  imt,  the  two  bnuichcH  to  each  (■iinc  {BCD, 
DBF,  Fan,  t-t.f.)  show  that  Ihure  are  two  saturated  solutinos  of  each 
]iydrat«  in  cquilibriuui  with  the  hydniti-,  within  crrtsin  limits  of 
teiiipi^raturi.',  the  one  containing  inon!  and  the  other  k-ss  water  than 
th«  solid  hydrat«.  In  his  own  words:'  "TJiw  solubility  curves  of 
all  Uir  hydniti's  of  fi-rrie  chloride  prcwnt  the  pheiioinciia  that  they 
consist  of  two  branohcs  which  eoak-sce  In  the  niclting-jwiut,  so  tJtat 
at  t^^iQpvTnturcs  below  the  mcl ting-point  two  kinds  of  saturated  aolu- 
tions  aro  possible,  the  otic  containing  more  and  the  other  less  water 
thiui  tho  solid  hydrato. 

"I  cncount^-red  such  cases  for  tlie  first  time  with  hydrated  salta 
in  the  hcxahydrato  of  ealeinai  chloride.'  .  .  .  For  me  the  existence 
of  such  solutions  was  only  a  special  case  of  a  general  phenomenon." 
Roozcboom  points  out  that  such  solutions  were  to  be  expected  from 
the  tliermodynaiuic  dedueliona  of  \'an  der  Waals, 

Oiu!  further  point  must  he  menlioned.  Of  the  four  hydrates  of 
ferric  ohloriili-  only  two  were  known  lefore  RooEeboom  carrit-d  out 
his  investigation,  the  one  witli  twelve  and  the  one  with  tivo 
molecules  of  water,  and  the  c-ompo«ition  of  the  latter  was  not 
established  with  certainty.  He  found  certain  pcculiarilie.t  in  hia 
curve,  which  could  not  be  explained  as  due  to  the  dfxIi-eahydraU!  nor 
to  the  pentahydrate,  and  was  thus  led  to  the  discovery  ui  the  hcgita' 
hydrate.     In  a  similar  manner  the  tetrahydrate  was  discov«tred. 

We  see  in  tliese  facts  the  real  significance  of  the  conocption  of 
phases  as  applied  to  problems  in  chemical  equilibrium.  In  tliis 
cue  it  has  led  \a  the  discovery  of  two  new  substuucs,  and  in  oUicr 


I  Zttfhr.  My>  ^A<m.  10,  tWt  (IS03). 
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c&si'e  to  tiio  discovery  of  a  great  number  of  c<iiii]>i>u 
vxi«t«ncu  could  oot  have  be«ii  demoiistrated  t^  any  vt 
cliouicul  mith(M]s  iifijilipalilc  to  sucli  fimii)i!Uiii!x. 

Eqnilibrium  between  Phuea  of  Three  Sabttaaoei.  —  Systems  com- 
tKining  three  comiwnfiits  ant  DVCvsHurily  inuoli  niort-  ctimplcx  thoa 
those  oontaiiiing  a  smalk-r  nunilxT.  A  uumber  of  Kiicti  systems 
havo  bwn  studied.  SciliniiiiftuHkors '  invostigated  thu  sy)it«>m  con- 
sisting of  potassium  iodide,  lead  iodidu,  nnd  yrutcr.  Meyurhoffvr ' 
studied  cupric  chloride,  potassium  chloride,  and  water.  I'hi^  system 
which  we  shall  consider  in  some  detail  is  potassium  suli>hato,  mag- 
nesium sulphate,  and  water,  investigated  by  Van  der  lleide.* 

The  system  studied  by  Van  der  Heide  eonaiats  of  the  double 
sulphate  of  potassium  and  inagaesium,  —  schonite,  having  the  com* 
poMtiou  K,Mg(S0i),.6H,O,  and  a  newly  discovered  salt,  vbich, 
from  its  analogy  to  astrakauite,  Na,Mt{(SO,),.4  H,0,  was  called 
potaoaiuni  astrakauite,  having  the  oompoititiou,  K,Mg(SO,)t.l  H/). 
It  was  found  that  potassium  astrakanite  i.s  formed  from  schAnite 
at  92°,  if  [K>ta9Aium  sulphate  is  presi^iit ;  it  h  formed  from  tH^hOaite 
at  72',  if  uiagnesiuiu  sulpliate  with  mix  iiiulc<;tiles  of  water  is' 
pi-esciit. 

Magnirfiitnn  sulphate  with  sevea  molecules  of  water  is  tnutfr 
fcirra&l,  in  the  presence  of  sch6nit«,  into  the  sulphate  with  six 
molecules  at  4r*.2,  Schdnite  is  formed  from  the  two  sulphates 
at  —  3".  The  lower  limit  of  investigation,  ie ,—  4°.6,  this  being  the 
cryohydric  jioint.  ^ 

One  of  the  upper  limits  of  iBTestigatioD  ts  lO?,  this,being  .the 
boiling-point  of  the  solution  saturated  with  potassium  astiakiuute 
and  potassium  sulphate. 

The  other  upper  limit  of  investigation  is  103%  being  the  boil- 
ing-point  of  the  solution  saturated  with  potassium  axtrakanite, 
and  magnesium  sulphate  with  six  moleculea  of  water  of  crj-stal- 
lization. 

Van  der  Heiile  determined  the  solubility  of  KfiUnilf  in  ihe  prftenot 
of  potassium  sulj-hatf.  The  temperatures  butwiwn  which  acbdmte 
can  exist  are,  —3*,  where  scliOnite  brinks  down  into  the  separate 
sulphates,  and  03°,  where  astrakanitit  is  formed.  The  satumtcd  solu- 
tion of  schonite  at  92°  gave  on  analysis,  to  100  parts  of  solution :  — 

Temp.,  92»,       K^0„  17.6,       MgSO.  18.7. 


1 


^ Zttehr. pkvi.  Chem.i,  ST  (1802). 


*im,u,4W(.iS9i). 


*  n.(d. »,  97  (ISM)  ;  *.  Ml  (tSBS). 


ClIKMICAL   DYNAMICS  AND  EQUILIBRIUM 


603 


I 


» 


Tlie  caturated  Bolution  of  potaamum  attraJeanite  and  ^aiuium 
milphate  tfouuiueil  &t  98'  the  foltowiag  amounts  of  salt:^ 

Temp.,  «8",        K^0«  18,        Mg80„  18.5. 

The  composition  of  the  solution  mlurated  leilk  aekSnite  and 
magnesium  sulphate  viUA  seren  jiiolecuUa  of  water  was  a.!so  deter- 
mined. Velow  —  3'  scbOnite  undergoes  decomposition,  Uie  formation 
of  magnesium  sulphate  with  seven  molecules  of  water  taking  place 
at  47'.2. 

Temp.,  22''.0,        K,SO„  8.8,        MgaO«  20.1. 

Temp.,  ir.3,        K,SO„  9.9,        MgSO„  27.9. 

Tlie  composition  of  the  saturated  solution  of  soASnite  and  maij- 
naium  sulphate  tcUk  six  molecules  of  water  was  found  to  be  as 
follows:  It  begins  at 
47''.5  and  ends  with  the 
formatioD  of  astiakanite  *0r 
»t  72', 

Temp.,  72",  K,SO«,  10.7,  ' 
MgSO„  2». 

Finally,  the  composition 

of  the  sat  unit  I'd  *ohition 
of  iK'tiwttiiim  axtmkamte 
ami  mngnfsium  tulpkote 
tcith  six  molfculfjtjgof 
Kotfr  uos  ascertained 
and  found  to  bo,  — 

Temp,,  72',  K^0„  10.8, 
MgSO*,  29.4. 

The  above  results 
■mn  pIott«d  in  the  fol- 
io ving  diagram  (Fig  C3), 
the  abacissas  represents 
tag  temperatures,  the 
ordinatesconcentrations, 
above  of  magnesium  sul- 
phate, below  of  potas- 
sium sulphate. 

Curve  I  represents  the  aolubili^  of  sohCnite  and  magnesiuiQ 
sulphate  with  seven  molecules  of  wat«r  existing  between  the  tem- 
j^rature  limits  —3"  and  47'Ji. 
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CufTS  II,  th«  »olubilitj  of  ttcli{)iiit«  and  Di.ifpiesiuiD  nulpliata 
witli  nix  molecules  of  water  existing  between  the  teiuperatiirM  47^5i 
UDd  72'. 

Curve  III,  theRoliibilily  of  potassium  at^trakanitc  and  ina^ix'siuia 
sulphate  with  six  mok-i^HU-it  of  watvr  existing  between  72"  and  1(>3°. 

Curve  IV,  the  solubility  of  schonite  and  ]x>tasKitN»  snlphaM 
betwuMi  -  3'  and  92*. 

Ctirvo  V,  thfl  solubilitj  of  potassium  aiiUakanite  and  potassium 
sulphate  existing  bctweou  *Xi'  aiid  102°. 

Two  solubility  <;urv«3  moet  at  every  transition  temperature,  anJ 
from  each  such  temperature  we  have  a  third  curve,  whose  directios 
can  be  determiiied  from  the  data  already  given. 

Since  the  two  trauaitiou  temperatures.  72*  and  92°,  represent 
saliiration  witli  schOiiite  and  potaaaium  astrakanite,  the  curve  i 
tliein  (VI)  lepreseut^  saturation  with  tliese  salts. 

Similarly,  curve  VII,  to  the  left  of  the  puint  —3",  which 
neiitt  ttaturatioii  with  the  two  sulphatea,  Kr^Oi  and  MgSO, .7  []/),  is 
the  curve  of  naturatimi  of  these  aalti  below  the  trausitioii  lemgieT^ 
tiire.     It  is  very  short,  since  it  ({uiokly  enda   in    the  eryohydiiOH 
[Kiiiit,  -4'.5.  \ 

Curvp  VIII  represents  saturation  witli  tlio  two  hydrates  of 
mi^nrsiuni  sulphate,  the  puint  C  corresponding  to  saturation  with 
raagncsiiiiii  sulphate  alone  at  48°.2:  at  tliis  point  both  hydrates 
exist  together,  and  the  solution  is  satumted  with  rospivt  to  both. 

In  addition  to  the  above  right  curves  we  have  two  atarting  fro) 
the  cryohydric  point  and  three  in  the  boiling-point  rcigioo. 
are  represented  by  dotted  lines. 

Curve  IX  is  the  ice  line  of  magnesium  sulphate  and  solutimi, 
terminating  in  the  cryohydric  point  S  (—6)  of  ma^piesiiim  sulphate. 

Curve  X  is  the  ice  line  of  potassium  sulphate  and  solulion,  end- 
ing in  the  cryohydric  point  O  (— 1'.2)  of  jmiassiura  sulphate^ 

Curve  XI  is  the  boiling-point  line  of  solutions  satuntMl  with 
potassium  astrakanite.  It  runs  from  KyUf,  the  )K>i1ing-point  of  a 
saturated  solution  of  pota-tsiuin  sulphate,  to  103°,  tlic  boiling-point: 
of  a  saturateil  solution  of  magnesium  snlpliate. 

Curve  XII  is  the  boiling-point  line  of  solutions  satiirated  witi^ 
magiie.tiiim  sulphate,  ending  at  D  (tOS°),  which  contains  only  this  salt- 
Curve  XIII  is  the  boiling-point  line  of  solutions  sattir.ited  wi' 
potasHium  sulphate,  ending  at  i-'(l02°\  which  contains  only  thi*  salt' 

The  ilata  for  magnesium  sulphate  aud  for  potassium  sulphate  are 
also  ri'iircscntcd  by  dotted  lines.  The  lino  BCD  runs  f«>m  the 
cryohydric  to  the  boiling-point  of  magnestiun  sulphate;  the  line  QP 
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from  th«  crjohydric  to  the  boiling-point  of  potassium  aulphate.  The 
lin<.>s  ItA  and  OA  represeut  all  tho  frepziDg-pointa  of  solutions  of 
magnesium  sulphate  and  potassiiun  sidphate  respectively,  meeting 
in  A,  the  freezing-point  of  water.  And,  similarly,  the  lines  DB  and 
FE  represent  alt  the  boiling-points  of  solutions  of  these  two  snl- 
phat«s  meeting  in  E.  the  boiling-point  of  water.  Let  lu  now  apjily 
the  phase  rule  to  the  above  tiyalt^in. 

We  have  three  com  pone  ut.s,  MgSOj,  K.;SO„  HiO,  and  where  there 
ate  four  phases  the  system  in  monovariaiit.  In  such  a  sy!it<-m 
tlie  solution  ia  always  one  ph^se  and  the  vapor  aiiotlier,  and  along 
eacli  of  the  first  ten  curves  wc  have  two  other  phases  represented, 
tlin»:  — 


I.  Scbdnite  and  magnesium  sulphate  with  7  H,0. 
U.  8c]i6nite  and  magnesium  sulphate  with  G  11,0. 
IIL  Potassium  aatrakauite  and  magnesiim)  sulphate  with  6  llfi. 
IV.  SchOnite  and  [wtasaium  sulphate. 
V.  Potassium  astrak.iniie  and  potassium  sulphate. 
VI,  Potaiisium  astrakaiiile  and  schouite. 
VII.  Magnesium  sulphate +  7  H,0  and  potaasiuin  sulphate- 
Ill.  MaKnt\'*ium  sulphate  +  7  Hfi  and  +  C  H^. 
IX.  Magnt-.tiiim  .-(utphate  +  7  H,0  and  ice. 
X.  Pobutsiuni  sulphate  +  ice. 


At  tho  points  where  the  lines  meet,  i.e.  at  tha  tnoBition  tomp(r.i- 
w«,  there  are  five  phases,  solution,  vapor,  and  as  follows :  — 


-  4°.5  KrSO^.  MgSO, .  7  H,0,  ice. 

-  3*     K,SO„  MgSO, .  7  H,0,  sphftnite. 

47°.2  MgSO,  6  H^,  MrSO,  .  7  H^),  schfinite. 
72*    itgSO, .  fi  H,0,  aatrakanite,  schOnite. 
$2*     KjSO,,  notrftkanite,  soliOnite. 


^V     The  transition   points  are,  therefore,  "quintuple  points,"  five 
phases  l)eing  in  equilibrium  at  each  of  these  points. 

Within  each  region  or  area  bounded  by  the  curves  wo  have  one 
se,  tJius :  — 

(1)  SchCnit*  region,  1,  IT,  VI,  IV. 

(^  Potassium  astrakanito  region,  III,  VT,  V,  XI. 

(5)  Potassium  sulphate  region,  IV.  V,  XIII,  FG,  X,  TIL 
(4)  Magnesium  8ulphate  +  7  »/),  1,  VII,  IX.  BC,  VIIL 

(6)  Magnesium  8ulphat«  +  6  H,0,  11,  lU,  XU,  VC,  VIIL 
(6)  Ice,  OAB,  IX,  X. 
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We  nhall  turn  dow  to  tbo  next  ilegne  of  complexity,  which  U 
the  liist  i:s.tii  w«  sball  ooiisiili'r. 

Equilibriom  betwMo  Fbun  of  Four  SnbctABOet.  —  The  case  of 
four  components  is  of  spudaJ  ititereNt,  udc«  it  Includes  that  lai^ 
cla§s  of  chemical  raoctioiu  known  u  double  decomiKwitiuas.  The 
case  which  we  shall  itodj  in  di^it  is  that  whieh  wus  invcstigatod 
by  Lowenhorz'  in  Van't  HoETs  laboratory.  The  four  substances  are 
potassium  chloride,  potassium  sulphate,  magnesium  chloride,  and 
■DBgnosium  sulphate.  Thei^e  really  represent  three  substaiu^es,  since 
the  fonith  can  always  be  expressed  by  the  other  thnw,  thus :  — 


Therefore, 


2  KCl  +  MgSO,  =  K^SO,  +  MgCT^ 
K,SO.  =  2  KCl  +  MgSO,  -  MgCIf 


i^ci 


NiN0> 


The  fourth  substance,  water,  and  the  tliree  salts  make  four  cota* 

ponents. 

Itcfore  taking  up  this  case,  which  is  made  more  complex  by  the 

fact  that  the  constituents  cau  combine  with  one  another  and  form 

double  salts,  we  Klmll 
study  a  stiniiler  cue 
as  Liiwenherz  did. 
Tlie  example  which 
he  selected  is,  KCl, 
NaCi,  KNO,  and 
NaNO,.  The  graphic 
repreisentalioo  of  any 
given  concentration  is 
as  follows  (Pig.  64): 
let  the  system  of  four 
axes  meet  in  O,  form- 
ing tJie  edges  of  a 
TTgular  octahedran, 
OJ,    OB,    OC,    and 

OD,  two  adjoining  axes  making  an  ftng1«  of  60°,  while  two  opposite 

axes  make  an  angle  of  90". 


ria.61. 


If 


OA  represents  the  amount  of  KCl, 
OB  repri^senta  Die  amount  of  NaCl, 
OC  reprejtents  the  amount  of  XaNOj, 
OD  represents  tlie  amount  of  KNO» 


>  ZtttAr.  phgi.  Clictn.  IS,  tiO  (1904}. 
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the  compoeition  at  apy  point  P  ia  obtained  by  drawins  from  P  a 
parallel  to  DO,  which  cuts  the  plane  OCB  in  A,  and  drawitig  AC 
parallel  to  CO,  and  .4  B  to  BO,  — 

K  aP  Is  tli<!i  mass  of  KNO„ 

^^^^^^^  ac  is  tlic  mass  of  XaNO„ 

^^^^^^P  ab  is  the  mass  of  XaOl. 

■  Since  t 
Blempersta 
Kot  mtunt 


KNO 


YUtia 


Since  the  four  salts  can  exist  together  only  at  the  transfonnation 
npenitare,  at  any  other  temperature  we  liave  the  following  cases 
rot  mtanted  solations — solutions  saturated  with  only  one,  two,  and 
thieosalta. 

If  wo  take  first 
the  case  wheiepotas- 
uom  chloride  and 
sodium  nitrate  can 
exist  together,  bat 
not  sodium  chloride 
and  potassium  ni- 
tnte,  the  alxive 
tbree  kinds  of  sulu- 
tions  can  be  repre- 
ted  by  lines  and 
|danes  (Fi);.  65). 
The  8olubinti«3  of 
potaMiiim  chloi'ide, 
ftodium  chloriile,  so- 
dium nitrate,  and  po- 
ininm  nitni't;  are 
epresentcd  msper lively  by  OA,  OB,  OC,  ta\A  OD- 

In  the  plant!  between  oa  ami  ob,  we  have  the  line  aph,  ap  repro- 

tlte   solubility  of  potn^siiiin    cliloriile   in    the  presence   of 

ing  amounts  of   sodium  i-hloridu,  and  bp  the  solubility  of 

lium  chloride  in  the  presence  of  increasing  amounts  of  potassium 

r,  p  is  the  suliilioii  saturated  with  potassium  chloride  and 

lium  chloride. 

Similar  cwnditiona  are  represented  by  bqc,  erd,  tfao-     The  closed 
nineaj>'>9crd«a  represents  solutions  saturated  with  one  Haiti  the  points 
Pt  9t  0  '>  nprewnt  solutions  saturated  with  two  salts:  — 

p  saturated  with  KCl  and  NaCl, 
g  saturated  with  NaCl  and  NaNO^ 
r  saturated  with  NaNO,  and  KNO, 
a  saturated  with  KNO,  and  KCL 
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There  are  only  two  sotntiaos  ntorated  with  tiuve  nits,  siaoe 
assnmptioa  NaC'l  anil  KXC^caooot  exist  togetlier.  Tlieae  ar«  /*.■  coi^ 
nspooding  to  KC1,  >*&N0,  aad  NaCI  ^  and  Pj  camqxwduis  to  KCl, 
KaNO»  and  KSO, 

7*,  b  oonnecttd  with  p  hy  the  curve  gf  tlie  solations  tatunted  with 

KaCl  aiul  K(X 
J*!  ia  oonDedcd  with  f  by  the  eurre  of  tl>e  xolutunu  saturated  with 

MaCl  and  KaNO, 
J*g  is  oonuectful  witb  r  by  tli«  varre  of  tbe  eolution>  saturated  with 

NaXO.JUHi  KNO^ 
Pt  i»  eoQtM?ct«l  with  J  by  tbe  cun-e  Of  tbe  solutions  tiatiimt^'d  with 

KNO|  and  KCl. 
P,  is  ootineeted  witb  P,  bj  the  curve  of  the  solotioDS  satoiated  witb 

KCl  and  SiiNO, 

The  four  planes  rejireaeitt  saturated  solutions  as  follows :  — 

PjP,  aap  represents  BUtumtioti  with  KCl. 
P,P,  rcq  r<;]>reseiit8  saturation  with  NaNOf 
P,  jAt/  re|irr»nntit  iuUuration  with  \aCl. 
Pf  nU  repre««ntH  sattinitiriii  with  KNOj. 

The  figure,  tlierefore,  rvpreaents  the  following  soluttcHis:— 

Unsaturated  solutions  below  a/Af/frd«i  P,Pf 
Supersaturated  solutions  above  ajtbgerdta  A/p 

Saturation  with  one  salt  is  represented  by  the  four  planes  jatt 
mentioned. 

Satttnttton  witji  two  salts  is  rei»reseut«d  bjr  tbe  five  lines  bound- 
ing these  pUnes,  also  mentioned  above. 

Saturation  with  three  ealta,  tJti;  two  points  /',  and  /V 

R^'tiiming  now  to  the  case  witb  which  we  started  (KCl,  MgClt, 
KiSOw  MgS0,.7H^),  wo  have  in  addition  to  these  four  salts, 
•chbnito  formt^!'!  by  the  union  of  the  two  sulphates,  camallite  bv  the 
onion  of  the  two  dilorides,  and  magnesium  sulphate  u-itb  six  mole- 
cules of  water.  The  possibilities  of  combinations  of  three  salts  are 
the  following:  — 

A.  Bchfinite,  K,SO,  and  KCl. 

n.   schonit«,MKSO..;il/)9mlKCI. 

a   MKaO,.7H,0,  MgS0..6IIAand  KCl. 

/>.  MkSO,.  fi  HA  KMgCl,.6  HA  and  KCl. 

E.  MgSO, .  6  HA,  MgCl, .  6  11,0,  and  KMgCl, .  6  HA 


1 


I 


The  horizontal  projection  of  th«  results  obtained  for  this  system 
ia  bIiowii  in  Fig.  6C.  Tlie  four  axes  here  also  are  related  as  the 
edges  of  a  n-guiar  octahedron.  These  represent  the  solulaUties  of 
Ihe  individual  salts,— K,C1„'  K,SO„  MgSO,,  and  MgOIj.  The  Unea 
uniting  the  ends  of  tli«sA  areas  a,m  really  curves,  hut  for  our  purjiaie 
they  can  bn  re|irewnt<^d  aa  straight. 

The  lint)  from  J  to  K  represents  the  solidiility  of  K,CI,  with 
ia«reasing  amouut  of  E,SO«  the  line  LK  the  solubility  of  KySO* 


MtUS. 


Pio.ea. 


[tritli  increasing  amount  of  KC1 ;  th«  pcnnt  K  whcro  th««c  two  linea 

tIDMt  represents  the  solution  saturttbed  at  the  same  time  with  KCl 

and   K^SO,,     Tho  line  from  Z.  to  0  represents  the  solubility  of 

KgSO,  with  increasing  amount  of  schonite,  at  3f  the  solution  Bala- 

[ntod  with  K,S<),  and  schiinite,  at  X  the  solution  saturated  with 

'schttnite  and  MgSO,. 7  H,0.    The  curve  from  A' to  0  represents  th« 

^solubility  of  NgSO,.'!!/),  with  decreasing  amounts  of  schOnit*. 

The  line  01  represents  the  solubility  of   MgSOt.TlljO,  w4th 


>  KtCi)  iji  aicd  Id  onler  that  the  unit  may  r«fcr  Ut  coimpondlng  qaoatitiMi 


610 


THE  ELBUEKTS  OP  PHYSICAL  CHEMISTKV 


I 


iDoreasing  atnoonts  of  MgC'la  *od  since  tliv  Utter  comlnnfs  with  i 
of  the  water  the  solution  becomes  mure  and  more  eonc«ntrat«ii^ 
HgS0(.6H0  until  /  in  reached,  when  we  have  saturation  with 
the  two  compounds  MgS0,.7  11^  and  MgSO,.G  il^.  From  /  up- 
wards we  hnvo  saturation  with  MgSO,.  4)  11,0,  and  an  ever  increasing 
amount  of  MgCl,.  At  H  the  solution  is  aaturuted  with  tcspoct  to 
MgClj.fi  H/)  and  MgSO,.6  HJO.  HP  represents  the  solubility  of 
MgClf.6  H/),  with  decreasing  amount  of  MgSOt.G  ]i,U,  and  P  the 
solubility  of  th«  first  salt  alone.  The  line  P.A represents  solutions 
containing  Mgri, .  G  H^,  with  increasing  amounts  of  K/Jlf.  At  O  tJie 
potassium  chloride  has  become  great  enough  to  form  caniallite;  and 
from  F  Ut  J  V6  have  the  cun'e  between  this  salt  and  potassium 
chloride. 

The  five  points  in  the  interior,  eonstnicted  from  the  solubility 
dotormiimlioiis,  are  E,  D,  C,  B,  A.  They  represent  solutions  satu- 
rated with  respe-ot  to  lliree  salts,  an  follows:  — 

E.  carnnllite,  MgS0,.6  11,0,  >IgCl,.6  H/). 

D.  carnallite,  MgSO,.6H,0,  KCl. 

C.    MgSO, .  7  H/J.  MgSO, .  6  II A  KCL 

B.  MgS0,.7HA  8chiJnite,KCL 

A.  K,SO„  schamt«,  KCl. 

Thcsevenfii'lds  rejiresent  the  sevisi  salts, — K/;i»K^O«*chdmte, 
MgSO.. 711,0,  MgS0,.6HA  MgCl»  aiiii  carnuUiU^  —  Uio  lines 
representing  the  solutions  Buturat<>d  with  two  salts. 

The  most  important  «ppli<-atiou8  of  the  phase  rule  to  systems 
containing  a  Dun)b<;r  of  eompont^nts  have  been  made  in  the  la«t  few 
years  by  Van't  Iloff  und  his  pupils.  They  have  studtod  the  con- 
ditions of  equilibrium  bt-twecn  complex  systems,  in  order  to  obtain 
Boroe  light  on  the  problem  of  the  formation  of  the  grt>at  salt  beds, 
and  interesting  and  valuable  results  have  already  been  obtaiued.  In 
Buoh  connections  the  phase  mle  has  proved  to  be  of  value.  It  has 
led  lo  the  discovery  of  many  new  substances,  and  the  conditions  of 
equilibrium  which  exist  between  them. 

Before  leaving  this  part  of  our  subjet^t,  which  has  to  deal  with 
chemical  equitibriura,  we  luust  connider  one  or  two  matters  of  more 
than  ordinary  imporlanrt-. 

Equtlibriiun  in  Condensed  Bystems.  —  Van't  Hoff'  has  applied 
the  term  "ooDdenned  system  "  to  tliose  heterogeneous  systems  whei» 
aU  the  components  are  liquid  or  solid,  there  being  no  gas  praseDt 

1  J?(tidM  de  Dpiaralqiit  CUmfg IM,  pp.  180-14S. 


CHEMICAL  DYNiVMICS   AND  EQCILIHRTTTM 


511 


These  obrioiiitlf  include  solids  Ju  equilibrium  with  tli«:[iiselv«!B  in  the 
fusprl  coiulition.  This  is  coiniilete  eijuilihniun,  .tiiii^R  fur  any  ^'iven 
tcniji«- rati  ire  there  is  only  one  pressure  under  whioh  both  ]>hagi.-it  are 
stable.  The  transition  jraiiit  in  sucli  a  system  is,  of  course,  the  molt- 
ing^point  of  the  solid. 

Since  we  are  dealing  in  such  systems  only  with  liquids  and  solids, 
the  effect  of  pressure  on  the  transformation  t«mperature  Is  very 
slight,  and  tbis  is  the  characteristic  of  such  systems. 

Van't  Hoff'  cites  as  a  good  example  of  condensed  systems  the 
transformation  ot  cyameiide  and  cyauuric  acid:  — 

Cyamelide  ^  *  cyanurio  acid.  j 

Tlw  transformation  point  is  about  150*,  and  cyameiide  passes  into 
cyanuric  acid  by  a  sinij-lc  rise  in  temperature. 

Determination  of  the  Traniformation  Temperature.  — First  Method. 
Since  transformations  in  condensed  systems  are  always  accomjianied 
by  volume  changes,  the  specific  volumes  of  the  substances  before  and 
after  the  transformation  being  different,  change  in  volume  ha*  been 
used  to  determine  jiist  when  the  transformation  takes  place.  As  an 
example,  take  sulphur;    the  rhombic   modification   has  a  specilio 

Tolome  <rf  — -y  the  raonoclinic  a  specific  volume  of 

2.or  ^  1.06 

•  The  apparatus  used  is  known  as  a  dilatometer,  consiatinf;  of  a 
glass  bulb  attached  to  a  fine  gradiiated  glass  tube.  The  aulwtance 
whose  transformation  temperature  it  is  de.sired  to  determine  i.i  intro- 
dui'cd  iuto  the  bulb,  and  the  remainder  of  the  bulb  filled  with  some 
indiffen-nt  liquid  (say  au  oil),  wliieh  extends  iuto  the  Rradnatcd 
tube.  The  apiKiratiis  is  then  placed  in  a  liath  whose  temperature 
can  lii^  t?i'-'^<bi-i'ty  rai.sed.  As  Uie  liquid  in  the  dilatometer  becomes 
wanni-r  it  expands  griulually,  the  meniscus  rising  at  a  regular  ratfl 
in  the  grmltuitwl  tube.  "When  llio  transformation  temijeratur*  is 
reached  the  transformatioD  bikes  place,  and  tliere  in  a  stiddcn  cltanga 
la  vohunc  which  manifests  itself  by  a  sudden  change  in  the  level  of 
the  liquid  in  the  gra^luated  tube. 

It  has  Iwen  recommended  that  a  small  amount  of  the  products  of 
the  trsn^iformation  be  added,  in  order  to  insure  transformation  at  the 
true  transformation  temperature.  Otherwise  this  temperature  might 
be  passed  somewhat  before  the  transformation  would  UAe  place,  just 
as  water  can  be  readily  supercooled  some  de^rreea  without  tlie  separa- 
tion of  ice.     If  a  small  fragment  of  ice  is  present,  supercooling  will 

>  JUliuU*  tk  Dr'tarni^ue  Chlmfqut,  p.  141.  I 
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be  prerentcd ;  bo,  also,  if  s  small  particle  of  the  product  of  the 
tnusfonnation  is  present,  it  will  prevent  the  system  from  passing 
orer  into  the  metastable  condition,  vid  will  cause  the  traoaf  ormatioQ 
to  take  place  at  the  tme  transformation  temperature. 

Seeond  Method.  Transformations  are  accompanied  not  only  by 
Tolnme  changes,  bnt  also  by  heat  changes-  At  the  trans formadon 
temperatnre  heat  is  either  evolred  or  absorbed,  and,  by  determining 
when  this  thermal  change  occurs,  we  can  determine  the  transition 
temperature.  The  substance  in  question  is  placed  in  a  tube,  into 
which  a  thermometer  is  introduced.  The  substance  is  then  warmed 
or  cooled  at  a  fairly  uniform  rate,  and  the  thermometer  noted. 
When  the  transformation  ta^es  place  there  is  a  thermal  change,  and 
this  is  readily  seen  on  the  thermometer. 

The  general  rule  holds  that  the  system  formed  at  the  higher 
temperature  absorbs  heat. 

Third  Method.  Another  method  of  determining  transformation 
temperatures  is  based  upon  the  fact  pointed  out  by  Meyerhoffer,' 
that  at  this  tempiemture  the  solution  of  the  original  substance  is 
identical  with  that  into  which  it  is  transformed-  The  two  solutions 
have  the  same  rapor-tension,  solubility,  etc.  It  is  only  necessary  to 
determine  the  rapor-tensioD  curves,  or  the  solubility  curves  of  the 
two  substances,  and  then  observe  where  these  become  identical,  i.e. 
where  they  cross.     This  is  the  transformation  temperature. 

Foiirlh  Method.  Another  important  method  has  been  devised  by 
Cohen,'  based  upon  the  concentration  element  which  was  studied 
under  electrochemistry.  The  element  used  to  study  transformation 
temperatures  was  termed  by  Cohen  the  "transformation  element." 
It  is  simply  a  concentration  element  in  which  the  temperatures  can  be 
accurately  regulated.     The  following  transformation  was  studied  :  — 

ZnS04.7H,OqrtZnSO,.6H,0  +  H.O. 

The  arrangement  of  the  whole  apparatus  is  shown  in  the  sketch 
(Fig.  67),  which  includes  also  the  thermostat,  T.  Rib  a.  rheostat,  S  a 
key,  and  g  the  galvanometer. 

The  vessels  A  and  B  are  filled  with  saturated  solutions  of 
ZnS0,.7H,0.  The  solution  in  A  is  kept  for  some  time  above  the 
transformation  temperature,  when  ZnSO, .  7  H,0  passes  over  into 
ZnSOi .  6  H,0.  The  element  is  then  placed  in  a  thennostat  at  a  few 
degrees  below  the  transformation  temperature,  and  the  temperature 
gradually  raised  to  the  transformation  point,  the  galvanometer  be- 

iZUeAr.jtAyt;  Chtm.  S,  106  (18W).  ^Ibid.  14,  63  (18H). 
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read  cvvnr  ioir  miDtitcs.  An  the  tempt-raturu  approaches  that  uf 
tnuisformalioa  thi'  readings  of  the  galvanomt'tiT  tH>(^umL^  \es»  and 
less.  BiDce  the  diffi^rcticp  between  the  coDcentrationH  on  the  two  sides 
of  the  eleiDent  becomes  less  and  less.  At  tlie  transforuintion  t^uipera^ 
tur«  the  coDcentratioDs  on  the  two  sides  become  the  same,  and,  conse- 
quently, no  current  flows  through  the  galvanometer. 

Since  we  have  a  stable  ])haAe  on  one  side  and  a  metaatahle  phase  on 
Uw  other,  this  is  known  aa  the  "  trantfonnation  eliriimnt  teith  meimtable 
jAate." 

A  little  later  a  " Ininn/ormatioii  i-li-menl  vnthmU  nnHaatable  phase" 
was  devised  by  Coheu  and  Bredijj.'    This  element  consists  of  one 


: 


Kw.er. 

1  electrode  surrounded  by  a  normal  solution  of  a  salt  without  the  solid 
phase  of  the  salt ;  and  on  the  other  side  a  similar  electrode  surrounded 
by  a  sat)irated  solution  of  the  name  salt  in  the  presence  of  the  stable 
solid  phase  of  the  salt. 

The  electromotive  force  of  such  an  element'  is  a  function  of  the 
,  Bolubility  of  the  stable  solid  phiwe  of  the  salt.  The  temperature 
\  coefficient  of  the  electromotive  force  is,  therefore,  a  function  of  the 
j  temperature  coefficient  of  solubility.  It  is  well  known  that  the  latter 
[fihanges  suddenly  at  the  transformtttinn  temi)eralure,  and,  therefore, 
Itbe  tem|ieratnre  coefficient  of  the  etleotromotive  force  ofauigM  sad- 
Idenly  at  tJiia  temperature. 

H  we  plot  the  electromotive  forc«  of  this  element  aa  a  function 


■7bU.U,  £8d(18M). 
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of  the  tempenture  ix>tfa  abore  and  below  tbe  traiisformatiaii  tetii- 
petatare,  the  poiut  wlieie  the  two  curves  cross  is  the  troosformation 
temperature  in  (luetition. 

For  detuU  iit  reference  to  the  ajipantus  used  refereuoe  must  be 
hai!  t'l  the  nrifjiiiii!  jiiij'iT. 

Effect  of  Temperature  on  Chemical  Equilibrium.  —  nHien  a  aj»- 
tern  is  in  equilibrimn  ut  one  temperature,  it  does  not  ftJIuw,  »nd  It 
Is  not  gcncrallj  true,  thjit  it  is  in  equilibrium  at  other  teniperutur«s. 
Sometimes  the  equilibrium  is  displaced  in  the  one,  and  sometimes  in 
the  other,  direction,  the  amount  of  disptuoement  being  in  some  cases 
very  greaX,  in  others  very  small. 

A  generalixation  has  been  reached  connecting  cluuigo  in  t«ia- 
perature  with  chang«  in  equilibrium,  which  is  ttrj  important  aad 
accords  with  what  we  should  tbink  would  tak«  place.  The  tgM 
of  rite  in  temperature  it  to  favor  the  formaxion  of  that  s^rf«-m  trkieh 
abaarha  heat  Kkeii  it  Is  formed.  An  increase  in  ttmpcratuie,  there- 
fore, displaces  the  equilibrium  toward  tbe  side  of  that  system 
whioh  is  formed  with  absorption  of  heat.  Examples  are  very 
abundant,  ordinary  vaporixation  being  a  HtrikinR  illustration  of 
the  priiici]>l<\  —  the  hii^her  the  temperature  the  |;[Teater  the  amount 
of  vjipiir  fonni-il. 

Effect  of  Pressure  oa  Chemical  Equilibrium.  —  The  action  of 
pressure  on  ohtiuiioal  f^iinlibrium  ts  tlinniKh  lliv  resulting  cltange 
in  volume.  Hit«  also  tlie  equitibrium  may  be  displaced  in  the  one 
<K  the  other  direction,  or  may  be  only  very  slightly  displace<l.  A 
generalization  has  been  reached  witli  res|)Oct  to  the  effect  of  pressure, 
which  is  strikingly  analogous  to  that  just  stated  for  the  effect  of 
tvimperature. 

Increase  in  pressure  diminishe*  the  rohime,  and  therefore  fiivon  the 
fortaation  of  that  syntem  lehich  occvpiet  the  amailer  volume.  Equi- 
librium is,  then,  displaced  by  increase  in  pressure  toward  tbe  system 
which  occupies  the  less  volume. 

If  there  is  no  change  in  volume  when  the  tranaformation  of  one 
8yst«m  into  the  otlier  takes  place,  increase  of  pressure  has  no  influ- 
ence on  the  equilibrium.  So,  also,  if  the  transformatioii  is  not  ac- 
companied by  obatige  tu  teni]>erature,  which  is  the  same  as  to  say 
that  tbe  heat  tone  of  each  of  tlie  two  systems  in  cquilibriam  is  the 
same,  rise  in  temperature  would  have  no  influence  on  the  «qn!> 
librium, 

The  above  two  generalizations  have  been  unified  by  Le  Chotclier' 
as  follows :  — 

>  £e«  SqvBibm  Chimiqvet,  p.  SIO. 
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"  Thfi  <Iis]>liiveineiit  of  a  system  producf^d  by  rarying  on«  of  the 
futon  of  equilibrium  ia  defined  by  the  fol]o«-iDg  law,  which  I  hare 
propoaed  to  call  th«  tato  of/^ppoaition  ofaaion  to  reaction. 

"  Every  cliange  in  one  of  tlt«  factors  of  equUibrium  produtxi  a  trant- 
fiimuUion  in  (A«  tyslem,  through  lehick  the  factor  in  question  ia  c/ianijed 
Ai  (Ac  tjppo»ite  dindion." 


EQIIILIBEIUM   IN  SOLUTIONS  OF  ELECTROLYTES 

Solability  and  Distociation  of  Eleotrolytof.  —  When  different  elec- 
trolyt«a  are  brnuglit  iii  uontact  witli  a  solvent  like  water,  very  dif- 
ferent aiuoiiitts  diMolve,  deiienditig  upua  the  nature  of  the  substance, 
Tlie  electrolyte  pa^sva  into  solution,  until,  in  a  given  time,  the  same 
amount  dLssoives  an  sejiarates  from  the  Boliitiou.  The  solutioa  U 
Uiuii  flaid  U)  Ih'  sutiirutnd. 

In  satiiniu-d  solutions  of  electrolytes,  as  in  all  other  concontnited 
Bolutiuns  of  «rhi(;trolyt«s,  we  have  both  molwnles  and  ions  present. 
The  aniotiiit  of  dissociation  depends,  as  we  have  seen,  upon  the 
tiaturc  of  the  conijHiiitid.  Some  electrolytos,  such  as  tho  weak  or- 
ganic acids  and  bases,  ate  only  slightly  dissociated  at  moderate 
dilations,  i-e.  there  aro  only  a  few  ions  present  and  many  molecules. 
Otbor  electrolytes,  such  aa  the  strong  acids  and  bases,  and  the  salts, 
an  strongly  dissociated  even  in  the  most  concentrak-d  sohitiOJiB 
which  can  be  prepared. 

The  degree  of  dissociation  represents  a  condition  of  equilibrium 
between  the  molecules  and  ions  present  in  the  solution.  ^Vlien  wo 
say  that  an  electrolyte  in  normal  solution  is  dissociated  fifty  per- 
^^ceut,  we  mwan  that  when  half  the  molecules  aio  broken  down  into 
^Kkota  there  is  equilibrium  between  the  ions  and  the  moleculca 
Bpreeent 

^B  The  condition  of  equilibrium  between  molecules  and  ions,  like 
^■other  conditions  of  chemical  equiUbrinm,  represents  tiot  a  static  bat 
^^a  dynamic  condition.  This  is  not  a  condition  where  a  certain  num- 
ber of  molecules  iiave  dissociated,  aud  the  resulting  ions  and  ro- 
inK  molecules  are  in  e<juilibrium ;  but  we  must  consider  th« 
ules  an  continually  diitsociatiiig  into  ions,  and  the  ions  as 
nualiy  uniting.  Wlien  equilihritun  is  reached,  the  same  iiuin- 
of  molecules  dissociate  in  a  given  time  aa  ftre  reformed  by 
,«oul^natioDs  of  the  ions.  In  a  sense,  we  liave  here  two  opposite 
tions,  the  one  involving  the  breaking  down  of  molecuU^  into 
the  otlier  the  ri!coud)inatiou  of  the  ions  to  form  molecules;  and 
reaction  j>roc«eds  with  its  own  definite  velocity.     ^^'beD  the 


ft 
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velocities  of  the  two  opposite  reactioDs  become  equal,  equitibri 
establislied. 

We  know  already  of  one  condition  which  can  greatly  inS 
this  state  of  equilibrium.  The  amount  of  dissociation,  i.e.  the 
between  the  number  of  dissociated  and  undiasociated  molecu 
changed  with  every  change  in  the  dilution  of  the  solution, 
number  of  molecules  dissociated  into  ions  increases,  as  we  have 
with  increase  in  the  dilution  of  the  solution. 

We  would  naturally  ask  whether  there  are  any  other  cond 
which  can  affect  the  amount  of  the  dissociation  of  electro! 
There  is  one  which  has  proved  to  be  of  very  great  importai 
connection  with  the  whole  subject  of  electrolytic  disaociatioi 
this  we  must  study  with  care  before  leaving  the  subject  of  ch( 
equilibrium. 

Solubility  as  affected  by  an  Kleotnlyte  with  a  Cuomon  I 
We  must  first  ask  what  effect  does  the  addition  of  an  elect 
with  a  common  ion  have  on  the  solubility  of  the  electrolyte  in 
tion  ?  To  make  this  question  clear  by  an  example,  what  efft 
the  solubility  of  potassium  chlorate  would  the  addition  of  an^ 
hie  potassium  salt  or  any  soluble  chlorate  have  ?  Potassium 
rate  dissociates  thus :  — 

kcio,=k:+cio,;  ' 

any  potassium  salt  represented  by  KA  would  dissociate  thus :  - 

KA  =  K  +  A; 

any  chlorate  represented  by  MCIO^  thus:  — 

MC10,  =  M+C10r     ' 

The  second  electrolyte  would  yield  an  ion  in  common  with  the 
This  question  has  been  satisfactorily  answered  by  experi 
If  to  a  saturated  solution  of  potassium  chlorate  dry  potassium 
ride  is  added,  some  of  the  potassium  chlorate  is  precipitated 
the  solution,  showing  that  its  solubility  has  been  diminished  b 
presence  of  an  electrolyte  witli  a  common  cation.  Similar  n 
were  obtained  when  dry  sodium  chlorate  was  added  to  a  satn 
sohition  of  potassium  chlorate.  Some  of  the  latter  salt  was  pr 
tated,  showing  that  its  solubility  was  diminished  by  the  preser 
an  electrolyte  with  a  common  anion. 

Again,  prepare  a  saturated  solution  of  potassium  or  sodium 
ride,  and  pass  in  dry  hydrochloric  acid  gas.  This  dissolve; 
yields  the  common  ion,  chlorine.     The  result  is  that  some  ol 
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iuin  or  aodiiim  chloride  is  precipitated  from  the  solution. 
Thia  fact  liaa  long  been  known,  and  has  been  utilized  as  a  means  of 
purifying  chlarides,  but  ita  relation  to  other  things  was  entirely  con- 
cealed. So  much  by  way  of  fjaalitaiive  dem  oust  rati  on  of  the  prin- 
ciple, that  the  presence  of  a  cominmnd  which  yields  a  common  iou 
diminishes  the  soUibility  of  tlve  compound  in  question. 

We  must  now  study  this  pliciiunniuon  rjuantitiitii'vl'i,  :uiil  see  wlmt 
ions  exist  between  Uie  annitiiil  of  tbc  stilistance  with  a  (common 

whieli  is  added,  nnd  tlio  amount,  by  wliieth  the  solubility  of  ttm 
ori)^uiil  I'li'C'ti'ulyti;  i«  iliininisbed. 

The  Deduotion  of  Sernst — Nernst'  was  the  first  to  koIvo  this 
question  iiiwrUitatively  from  the  Iheoicticnl  standpoint.  He  applied 
ths  law  of  mass  wtioii  us  follows;'  If  we  start  with  binary  electro- 
1yt«s  wliicli  arc  completely  dissociated,  the  product  of  the  active 
niass«8  must  be  constant,  and  equal  to  tho  square  of  tlie  sohibility 
of  tlic  salt  without  tho  aildition  of  a  foreign  substiince.  This  he 
termed  m„  and  the  solubility  of  the  salt  after  the  addition  of  the 
Mcond  substance  with  a  couimon  ion  m,  the  amount  of  the  sec- 
ond salt  added,  in  gram  molecules  per  litre,  being  x:  — 


ni(m  +«)  =  ma*. 


(1) 


The  ilissoolation,  however,  is  not  complete  iu  soUitionit  wiUi  which 
we  ordinarily  have  to  deal,  and  this  iuuhI  be  taken  Into  aivount. 

T^et  ftg  lie  l}ie  dixsooialion  of  the  first  substance  in  saturittu<t  solu- 
tion befoTC  the  sttcmid  ii^  mlileil ;    let  a,  1)e  the  diH»i)cii>tiiin  of  the 
9ded  siitwUnce  and  a  the  dissociation  of  the  first  .tubNtiuic^  in  the 
lei!  "f  tin-  wciifid ;  wc  uiuMt  then  multiply  tliese  factors  into 
I  libore  C(iuatioii,  whuu  it  becomes  — 


mM(ma  -f-  aw, )  =  m^a^. 


(2) 


Thia  formula  simply  expre.sses  the  fact  that  the  product  of  tbo 
masses  of  the  \onit  is  ronstiiut. 

If  we  turn  ournMi-uliun  tii  the  uii dissociated  portion,  we  fuid  the  fol- 
lowing relations :  Siiic'^  maOo  represents  the  dissociated  portion  of  the 
origiiutl  elcctroIyt«,  mo[l  —  «(.)  is  the  undissodatcd  iiorliou ;  and  since 
met  is  tlin  dissociated  portion  after  the  second  i-lectTolyl*-  i*  ailded,  the 
nndissoeiatod  portion  is  m(l  —  «).  The  solubility  of  tlie  iiiidissoci- 
at^.'d  portion  is  constant,  and  therefore  we  Iiave  — 


1iB^l-a,)  =  m(l-")- 


(3) 


)  ZttAr.  phfi.  Chcin.  4,  3TS  (1880).  *  Md.  p.  370. 
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Solving  equations  (2)  and  (3)  for  m,  we  liave 


yf<t^ 


<«t 


'  a  =  (Eg  eqoation  (4)  becomes- 


"-1^4 


(*) 


HOC    1 

t«r    I 
ion    ] 


Tliis  equalioii  enables  us  to  calculate  the  solubili^  io  tiie  pre;««noc 
of  K  si^cniicl  salt  wiUi  a  ooiumou  ion,  from  the  .solubility  in  pure  w»t«r 
thp  uinount  <jf  the  sficoiid  salt  added,  aci (it  the  aiiioiiuU  of  dissociation 
of  thi^  ori^nal  siih^lanoe  and  the  added  suttstande. 

NvniKt  U-stt^l  his  equation  in  a  few  cn»c«,  and  found  that  it  held 
approximately  for  tbu  solubility  of  onn  substance  in  the  prewtice  of 
another. 

Solubility  Etperlments  of  NoyM.  —  Th«  aliore  equation  iru  tested 
experimi-ntttlly  by  Noyes,'  who  applied  it  to  a  number  of  suhstanoea. 
One  of  the  first  aystvms  invfstigjilcd  by  Noyos  was  silvtr  bmmate 
with  silver  nitrate,  and  with  potassium  biomate.*  Thu  following 
results  were  obtAinod :  — 


KBbi>i  Aimio  TO 

SoLr&iLiTY  "r 
AaEtaO)  ik  tub  l*iiBfr- 

SotnBti.tTv  nr 

lOllllO,    U  TBI    I'lB- 

xnea  or  RBaOi 

Snicaiiin 

0. 

0.0085 

0.0S(6 

O.onsio 

0.00610 
0.00210 

0.OO810 
0.006ID 
0.00S2T 

o.oorAt 
o.DOsoe 

The  solubility  of  silver  broiitafce  in  the  presence  of  an  electrolyte 
witli  a  coinnioii  iou  agrui'.s  wry  well  with  that  calculated  by  means 
of  the  above  equation.  It  should  be  obi^erved  also  that  both  electro- 
lytes diminish  the  soUtbility  of  the  silver  bromatv  to  just  about  tlie 
same  extent,  and  that  a  v«try  small  quantity  of  citlter  proiluoes  a 
great  lowering  of  the  solubility. 

Other  experiuicuts  wero  earned  out  with  thallium  salts,  which  air 
espeeially  well  adapted  to  tJila  purpose,  because  they  arc  not  veiy 
soluble.  Thallium  nitrate  in  the  presence  of  potassium  iiitiate, 
thallium  bromide  in  the  presence  of  thallium  nitrate,  and  thallium 
Bitlphocyanate  ia  the  presence  of  thalliuin  nitrate  and  of  potassium 


■  ZUchr.  pTiys.  Chtn.  «,  £il  (1880). 


'  Ibid.  •,  WO  (IWOJ. 
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Iphoeyanato  vrtte  studied.  The  agreement  between  the  solubility 
the  electrolyte  in  the  presence  of  the  second  electrolyte  with  a 
DiDiaoa  ion,  as  found  and  as  calculated,  is  only  fairly  satisfactory; 
ite  solubility  ad  calculated  being  seven!  per  cent  teas  than  the  valu« 
Dund,  and  the  difference  increases  as  the  quantity  of  tlie  second 
lectiolyte  present  increases. 

This  discrepancy  must  he  due  to  one  of  the  following  causes : 
tther  the  deduction  of  Nerust  is  incorrect,  or  dimociation  as  eaten- 
fiom  conductivity  mMuureuierito  is  not  the  true  value  of  the 
j^ssocintion  of  electrolytes. 

The  Krst  assumption  is  scarcely  |>08sible  since  yerast's  deduction 
I  basMl  directly  upou  the  law  of  mass  action,  and  Noycs  coDoltuled 
but  condiiclivity  is  not  a  true  mcaaure  of  dissotnation.  I1iis  eoa- 
liuion  Hoycs  thought  wux  stnsn^iened  by  tlic  fact  that  the  0»twald 
ilulion  law  does  not  apply  to  strongly  dbsociated  electrolytes  u 
,  by  the  conduiriivity  method. 
Koyes  invcstigat^K)  tlio  influence  of  a  number  of  ternary  eluctio- 
,  and  obtained  results  «iniitar  to  tliose  found  with  binary  cIm- 
olytes. 
Having  convinced  himself  that  the  oondncttr)^  method  is  not  a 
measure  of  diseooiation,  he  reversed  the  above  procedure  and 
the  influence  of  one  salt  on  the  solubility  of  another  with  a 
imon  ion  as  a  nkcasure  of  tlie  dissociation  of  the  latter. 
Dissociation  of  Electrolytes  as  measured  by  Change  in  Bolubility. 
From  the  above  discussion  it  is  obvious  th^t  solubility  determi- 
tions  can  be  used  to  measure  dissociation.'  Take  the  two  funda- 
aental  solubility  equations,  (msm,), 

"•(!-«)  =  '"9  (!-«!>). 
,  m>1t«  them  for  a,  eliminating  tt„ 


a  = 


nio  —  tB 


(-nR) 


« in  (lie  dissociation  of  the  salt  in  the  presence  of  the  added  salt,  and 
is  cqiuU  to  the  dissociation  of  the  salt  alone  in  water  at  the  concen- 
tration (m  +  x).  Prom  exiierimental  data  it  is,  then,  perfectly  simple 
to  oaletilate  the  dissociation  of  the  salt  in  question  by  means  nf  t)i« 
abtm)  equation.  This  was  done  by  Noyes  at  first  for  hydrochloric 
acid  in  tlie  piescnc*  of  thallous  chloride,  since  the  latter  is  only  fairly 


iSojres;  ZUdkr.iAft.  OWm.  6.  2U  (1800). 


S20 


THE  ELEMENTS  OF  PHT8ICAI,  CBEIUSTRT 


1 


soluble  in  water,  and  the  above  and  similar  rpIsUions  hold  onlj  for 
fairly  dilute  solutions.  The  results  for  the  dissociation  of  hydro- 
chloric  acid  and  thallous  nitrate,  aa  determined  by  U>e  solubility 
iuctln»ii,  dill  iii)t  af;ree  with  the  liisaociation  of  the  same  substances  at 
the  »!iiu<'  dilution  iiH  di-termined  by  the  conductivity  method.  Xoyea 
IntrcHluc^l  the  diiwoRiation  values  as  found  by  solability  into  the 
Ostwald  C(|ualion  (dilution  law),  and  obttuned  a  fairly  satisfactory 
constant  fur  a  )(trou|{ly  disHociated  electrolyte  like  thallous  uilrat«. 
It  looked,  therefore,  ait  if  the  Ostwald  dilution  law  would  hold  also 
tor  Ktroii^ly  dixsociated  «lectrolyt(3i,  when  the  Lnie  values  for  the 
dissociation  of  such  subctwioes  were  ascertained. 

A  little  later'  Noyes  curried  out  an  elaborate  inveatijiation  along 
tho  same  line,  usiug  thallous  chloride  as  the  salt  with  which  to 
saturate  the  solution,  and  ttu^n  adding  one  and  another  of  the  soluble 
chlorides,  and  dobermining  tbctr  dissociation.  In  this  calculation  it 
was  necessary  to  know  tho  dissociation  of  the  thallous  chloride  in 
order  to  calculate  that  of  the  chloride  which  wm  added  to  its  <tatD> 
rated  solution,  and  which  precipitated  a  ceriain  amount  of  the  thal- 
loiLs  chloride.  Noyes  assumed  that  the  dissociation  of  thallouD 
chloride  ia  the  same  as  that  of  the  alkali  chlorides,  and,  as  we  aball 
see,  ntaJe  a  slight  error  which,  however,  affected  all  of  his  oalcula^ 
tions.  He  determined  the  dissociation  of  potassium,  sodium,  and 
ammonium  chlorides  by  means  of  the  solubility  method,  ami  when 
the  values  for  pot&ssiuiu  chloride  were  introduced  into  the  O^twald 
equation,  a  very  good  constant  waa  obtained ;  while  Uie  law  does  not 
hold  at  all  if  the  dissociation  as.  measured  by  conductivity  is  used. 

Noyes  also  measured  the  ilisKoctiation  of  a  ntimb«r  of  temarj 
chlorides  by  the  solubility  miHhod.  Tlieee  included  magnesium, 
calcium,  barium,  manj^'.tnouK,  xinc,  cadmium,  mercuric,  and  cupric 
dhlondca.  With  most  of  theae  tlmllons  chloride  waa  used  as  the  less 
soluhlp  itubstnnce  with  which  to  saturate  the  solution,  but  in  some 
cases  leiul  chloride  was  employed. 

The  most  important  result  of  this  investigation  was  that  the 
dissQciutiim  of  electrolytes,  aa  measured  by  the  solubility  method, 
differed  from  the  dissociation  of  the  same  solutions  of  the  same  sub- 
stances as  measured  by  the  conductivity  method.  The  results  of  the 
measurements  of  dissociation  by  solubility  showed  that  the  Oswald 
dilution  law  applied  at  least  to  a  large  number  of  alroujtly  dissotnatvd 
electrolytes,  while  from  the  measuremeuta  of  dissociation  by  tho  con- 
ductivity method  the  law  did  not  apply  at  all  to  this  large  and  most 
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important  class  of  eIectrolyt«&.  Taking  at)  of  tlic  fnrts  into  acconnt, 
Xoj'ee  was  led  to  tlie  coDcluHion  that  the  cuuiltivtivitv  nictliod  l§  not 
ui  accurat«  meaaure  of  the  dissociation  of  strongly  dissociatod  elec- 
trolytes. It  seamed  probable,  however,  that  the  couducti%*ity  metliod 
was  (a{>able  of  meatiiu-iug  the  dissociation  of  weakly  dissociated  eom- 
pouiiil.i  with  a  fair  de^'ree  of  accuracy. 

Thiia  Uie  |irohIem  stAod  at  this  time  (1892),  There  wei«  two 
mclhodH  availidili!  foi-  measiiring  electrolytic  dissociation, ^tlie  coii- 
ductivity  anil  tin;  iioltibiljly  method,  —  and  thi*se  gave ditferi;iit  results. 
The  problem  of  dtrtcnniiiing  at^ciirately  the  amoniit  of  dissuviatioD 
was  of  fundunicnliU  imjiorlance  for  tliu  julvnix'enieiil  of  physical 
ehemistry,  and  thp  only  two  methotls  available  for  measuring  disso- 
ciation gave  widely  different  results.  What  was  to  be  done  iu  the 
light  of  this  serious  discrepancy'/ 

At  the  suggestion  and  under  the  guidance  of  Ostwald,  Jones'  im- 
proTed  the  freed ng-jwint  method  of  Ueckmann  until  it  could  he  used 

measure  electrolytic  dissociation.  He  applied  it  to  a  number  of 
H,  bases,  and  salts  at  dilutions  vajiging  from  0.1  normal  to  0.001 
normal,  and  obtained  residta  for  the  di.ssociation  of  these  substances 
which  agreed  very  well  with  those  obtained  by  the  conductivity 
mtiliod.  This  still  did  not  clear  up  the  problem  of  measuring  dis- 
sociation, xince  we  then  tiad  two  mothixls  of  measuring  dl.isociation 
which  gave  concordant  results,  vix.  the  eondui^tivity  method  and  Hut 
frcezing-^ioiiit  method,  and  the  solubility  metliod  which  gave  very 
different  restilt«. 

Noyes*  then  extended  his  work  with  the  solubility  method  in 
company  with  Abbot,  and  found  that  his  original  assumption  tliat 
thallous  chloride  is  dissociated  to  the  same  extent  as  tlie  idkali  chlo- 
'  ridee,  was  not  correct.  He  then  determined  the  dissociation  of  thal- 
Imis  chloride,  and  when  he  inserted  this  value  into  the  equation,  and 
calculated  the  dissociation  of  the  chKxide  which  had  been  added  to  the 
saturated  solution  of  thallou.t  chloride,  the  results  for  the  dissociation 
of  the  latter  agreed  satisfa^'torily  with  those  obtained  by  the  conduc- 
tivity and  fri'Miing-iioi lit  methodn.  Thus  was  the  whole  problem  of 
mea.suring  electrolytic  diKSueiation  cleared  up,  and  to<Iay  we  liare 
tie  three  ni('th<Mlx, — conductitity,  freezing-point,  and  solubility, — 

itll  giving  conconlant  results. 
It  is  a  r*'markiible  coincidence  that  the  results  originally  obtained 
by  \oy«s  from  the  solubility  method,  when  Inserted  tato  the  Ost- 


I 
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wald  (HiunUoti  gar«  fairly  gmxl  coD&tanta,  and  thus  indtoattKl  that 
Ostwsld's  dilution  law  held  aIso  for  stzoDgly  dixiociattxl  slcctrolf  tcs. 
Intleedf  it  vim  this  fftct  mora  tlian  any  other  wliich  confirmed  Hoyts 
in  tb«  belief  tliat  th«  conductivity  mi-thod  wua  uot  s  tme  meosaru  of 
the  disflociaticin  of  strongly  4tissociat«d  aiibstonceSi  ftnd  that  his  sta- 
bility method  gave  thu  more  aiccurutc  resvdts.  The  appIicabOity  of 
the  Oatwald  dilution  taw  to  strongly  diHsociated  electrolytes,  we  know 
today,  vas  only  apparent,  subsequent  work  by  ail  the  methods  of 
measuring  disaociation  showing  that  it  docs  not  hold  at  all. 

When  it  was  found  that  the  three  methods  mentioned  above  gave 
concordant  results  for  the  dissociation  of  electrolytes,  It  was  a  matter 
of  great  relief  to  all  who  were  working  on  this  problem,  not  simply 
becsute  these  fuudauiental  values  were  placed  beyond  queMion,  but 
a  great  number  of  relations  were  thus  cleared  up.  Each  method  yns 
based  upon  a  different  principle;  aud  while  tliere  wu  discordacoe  in 
the  results,  there  waa  more  or  less  coafnuoQ  and  doubt  in  many 
dirwtiims. 

Summary  of  the  Diteiutioii  of  Eqnilibrinm.  —  The  fuiulainental 
idea  underlying  the  study  of  divmical  eiiuiUbctuin  is  that  it  in  dy- 
namic. Eqiiitibrium  in  chemical  rciu;tions  was  studied  first  as  a  spe- 
cial case  of  the  velocities  of  reactions,  where  the  retocitius  uf  tlio  two 
opposite  reactions  arc  equal.  The  phase  rule  was  then  briefly  dls> 
Citssed,  and  a  few  of  its  simpler  applications  to  systems  cootaiuing 
one  component,  two  components,  three  componeuts,  and  fooroonpcK 
nents.  Equilibrium  was  studied  where  twooonditJonaaieT&riable,  say 
temperature  and  pressure,  and  also  when  throe  cooditions  are  variable, 
say  tt?mperature,prcssiLre,and  volume,  and  t^eoorrespooding  diagrams 
plottnl.  Some  of  the  applications  of  the  phase  rule,  not  simply  aA  a 
Kr^i>m  of  classification,  but  as  a  direct  guide  in  exgierimental  vork, 
were  considered.  This  was  seen  to  be  the  c&s«  es^wcially  where  the 
number  of  components  is  large,  or  where  the  older  methods  of  inve»- 
tigatiou  are  insufficient  on  account  of  the  compamtive  complexity  of 
the  phenomena  dealt  with.  The  methods  of  detennining  tlie  tem- 
perature of  transformation  were  considered,  also  the  <!frect  of  temper- 
atnrn  and  pressure  on  ehemical  equilibrium,  and  tlien  attcutioo  was 
directed  to  a  special  case  of  equilibrium  which  has  proved  to  yield 
extremely  important  results.  This  refers  to  the  cffiwt  of  one  salt  on 
the  solubility  of  another  with  a  common  ion,  which  lias  lod  to 
important  method  of  measurtug  electrolytic  dissociation. 


CHAPTER  X 


H&ASnRIiUENTS   OF  CHEMICAL   ACnVITT 


METHODS  EMPLOVED  AND  SOME  OF  THE  RESULTS 
OBTAINED 

Oreat  Differences  in  the  AotiTitieE  of  Sabstanoe*.  —  The  student 
of  cliiMuistry  recognizes  at  llie  very  ontsi-t  tlie  grt'at  (iiffcrences 
bttwuL-n  th«  cheniicul  activities  of  different  substances.  Some  sub- 
■taiioes  react  with  tbe  greatest  ease,  and  often  with  violence,  while 
others  do  not  reurt  at  all ;  and  all  intermediate  stages  of  activity 
OziSt  Take  tLe  action  of  aeidit  on  metals.  Some  acids  act  on  a 
gires  metal  very  readiJy,  others  act  more  slowly,  while  others 
scarcely  aet  at  all. 

A  problem  which  has  attracted  the  attention  of  chemiste  froin 
early  times  is  the  uieasuremeut  of  the  relative  activities  of  nub- 
stances.  When  we  review  the  history  of  chemistry  we  find  "  affinity 
tabtesi,"  as  we  have  seen,  obtained  by  a  number  of  methwlH.  These 
are  mainly  of  historicai  interest  to-day,  since  many  of  the  methods 
vliieh  were  used  were  either  not  accurate  or  did  not  meusiire  the 
quantities  alone  with  whidi  they  were  sutjposed  to  deal. 

The  impfjrtanco  of  this  problem  is  obvious,  since  if  we  Icnew  the 
relative  affinities  of  all  cheniieal  sulwtances,  we  should  \n:  in  a  posi- 
tion to  say  just  what  would  (ake  plat^e  when  such  sidisr^inies  were 
brought  into  the  presence  of  one  another.  We  l>eli«ve  that  at  pres- 
ent we  have  methods  of  solving  this  problejn  in  a  large  number  of 
csMvs,  and  sach  will  be  considered  in  this  chapter  together  with 
some  of  the  more  important  results  which  haw  been  obtained. 

Principhjs  upon  which  the  Ueasarement  of  Chemical  ActiTit;  is 
Based.  —  In  the  stndy  of  chemical  dynamics  we  saw  that  reactions 
proeeed  with  very  different  velocities  under  conditions  which,  at 
Krst  sight,  seem  comparable.  Take  tlic  inversion  of  cane  sugar 
by  acids,  tlie  velocity  of  inversion  depends  greatly  upon  the  nature 
of  tile  acid  used.  If  we  use  the  same  qnuntities  of  different  acida, 
tbe  velocities  will  vary  from  acid  to  acid,  and  may  bo  a  hundred 
tunes  as  great  for  one  acid  as  for  another.    Take,  on  the  otiier 
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hutcl,  the  saponificatioD  of  csUrs  by  bases;  tho  vvlocity  dcfwnds 
Dpun  the  natuTe  of  the  ixuMS  iisi-d,  and  vurivs  grcutly  from  ouft  base 
to  another.  The  velocity  with  which  a  reaction  proceeds  has  been 
uaed  as  a  measure  of  the  cheiniral  activities  of  tfa«  substances  which 
take  jiart  iu  the  reactjoo.  If  u-e  are  dealiag  with  nmctions  like  the 
above,  and  measure  the  velocities  with  which  a  niunbcr  of  acids 
invert  csuiv  Ktigar,  or  a,  number  of  basea  saponify  an  ester,  we  have 
at  oiioe  Uie  reUitivD  activities  of  the  acids,  or  basea,  in  question. 
Thin  ix  known  lut  the  difnaniuxU  m^hod  of  meaeuring  dienlcal  affinity 

Whfii  ve  were  studying  th«  oouditioua  of  chemica]  eiiuilibrium, 
wo  saw  that  some  rcatTtioim  prw^wd  very  far  before  equilibrium  is 

chpd,  while  iu  others  equilibrium  is  c^tablishi^d  when  only  a 
lall  part  of  the  substancs  has  undergone  trans  formation.  We 
ncall  that  equilibrium  in  a  chemical  reaction  repreeonts  that  con- 
dition where  the  two  opposite  reactions  have  equal  velocities 
Knowing  the  conditions  wbicli  exist  when  equilibrium  lias  beet 
«etabliBhcd,  we  can  calculate  the  relative  activities  of  the  aubstaoG 
which  take  part  iu  the  reactiou».  Tlii.i  method  of  mea«uritig  cheml-'^ 
cal  activity  is  known  a^  the  equilihrium  or  Malical  ntrttuMt 

The  Dynamical  Hethods  of  measuring  Chemical  Affinity.  (A) 
Inversion  of  Cane  Bugar.^We  lKiv>-  ;ilii-iwly  spcu  lluit  acids  in 
the  presence  of  water  Iiave  the  pow^r  of  eausinj;  cunc  sugar  to 
up  a  molecule  of  wat.er  and  then  lircakJug  down  into  glucoae  and' 
fructose.  This  catiilylin  ri;(trtioii  was  found  to  take  place  with  very 
different  velooitiest  when  different  acids  were  used,  and  Lttweuthal 
and  Lenssen,'  an  early  as  1862,  used  this  reaction  to  measure  the 
relative  aetivttiM  of  acids.  They  determined  the  voW-iiies  witli 
which  a  number  of  acids  invert  sugar,  and  also  the  effect  of  the 
presence  of  a  numbi^r  of  stibatances  on  the  velocity  of  inventioti. 
Their  work  was,  however^  shown  to  be  open  to  certain  objectintis, 
and  Ostwalii*  oarri«d  out  an  extensive  investigation  on  the  vdo«!ity 
with  which  canc  sugar  is  inverted  by  different  acida,  uung  tlu 
poliirimeter  to  measure  the  amount  of  inversion. 

He  <'alculated  the  inversion  coefficients  by  the  method  with  which 
we  ore  now  familiar, — 

t      A-x 

and  showed  that  they  are  identical  with  the  activity  coefficients  of 
tlie  acids  used.    That  sucJi  is  the  case  will  be  seen  after  we  study 
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methods  for  uteasaring  th«  activity  (KWlBciciits  dii'ectly.     A  few  of 

the  ttsulUi  4>bUuiml  for  tli«  inwniiun  cocffiL-ieots  of  some  of  the  more 

conuljoft  acidM  arc  given  bvlow,  hjdruuliloric  acid  bciug  taken  aa 

unity;  — 

Ikimsm-i  Cotmoinm 

Uydiochloiic  avid I.OCpO 

Kllric  acid IJMO 

BihjUul  pit  uric  acid ijQOO 

Hidiobromlc  acid I.II4 

CiiU>m»tid IjDSS 

Bctisrncculphcinte  Mid 1.0H 

8iitpliiirle  AcId O.eH 

Vomiic  acid 0.0163 

Aoetic-acid DXMUO 

Monnchlomcrllc  acid 0,0401 

l>ichluractli<:  acid 0.2T1 

Triciiloncetie  acid O.TU 

Ouilc  lu^ld O.iaiiT 

(tucclnlc  acid OXO&U 

CiUfc  acid Ci.0tT3 

Pboipboric  ncid O.OUiX 

ArMnlcacld O.OfHl 


(S)  Saponification  of  UethyUcetaU. —  Mutliylat^ctute  and  Himi- 
lar  «8tcr5  iti  tlir  iiri'scntd  of  waIlt  at  ordiiiiiry  IcnipcrBtures,  undergo 
a  alow  dc<'uiiiiK>gition  into  thv  acid  and  alcohol.  If  a  strong  acid  is 
ptosent,  tho  dcrom position  tiikes  pluco  much  more  rapidly;  indeed, 
its  velocity  may  be  increased  n  hundred  times,  or  evon  more  than 
this. 

The  a<:id  which  is  added  to  the  ester  does  not  undergo  any  change. 
It  acts  cataiytically.  The  active  mass  of  the  ester  is  the  only  anb- 
gtamco  which  changes  as  the  reaction  proceeds,  and,  therefore,  tJie 
reaction  is  of  the  first  order.    The  constant  is  — 

CB  =  lln 


'  This  equation  was  tested  experimentally  by  Ostwald,'  who  used 
this  reaction  to  measure  the  relative  activities  of  acids,  and  BC  was 
found  to  be  a  constant  for  this  reaction  through  a  long  interval  of 
time. 

Ostwald  worked  out  the  velocity  oocfBcients  of  a  large  number 
of  acids  by  means  of  the  above  reaction.  A  few  of  his  results  ore 
given  below :  — 
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Fnocm  Cot 

IlT>)r<xbk>rie  add 1.0OO 

HlBkMhl OMS 

Etfajilmipbanc  ackl aMT 

Hydrobtonic  u»d O.MS 

Cbtoric  tcU 0JM4 

BnaeoMalpluaic  add AMI 

BnlpfaBrte  uld OMl 

Vocmkaeld 6X1181 

AeWieadd OuSOMC 

HtwocUosaMtic  Kill OOIW 

Dlcbloncedc  Mill •MM 

TtklikmcMle  add •HUO 

OnUcMnd e.l7te 

ftwelDic  ftcid OuOUDS 

CiulcMUd OjOIOSS 

A  eompariMD  of  Ui«  reloeitj  ooeBcieDtA  obtained  by  Hit^  au^hj 
OiMtato  mcUMid,  with  tli«  iuvenioo  ooefficiKuts  oljUiuetl  l>y   tht^ 
metliod  involving  the  inrcnion  of  aute  sugu,  sbows  a  general  smne- 
ment  brtwt-en  the  two  set.t  of  values,     both  of  these  method*  cut  bo 
used  to  tni:as[iro  the  relative  activiti«-8  of  RabntaiwM. 

(C)  The  Dccompontion  of  Amidei. — Another  dynamic  method 
has  been  us4<d  to  mi'asure  the  relativo  activitica  of  arids.  Thiii  in- 
volves the  action  of  acids  on  ajiiides.  Water  alone  dwomposcs  aa 
amide  like  acetamide,  in  the  sense  of  the  following  eqoatioD :  — 

CH,CONH,  +  H^  =  CH/:OOSH^ 

Thi«  reaction,  however,  talcea  |>lac«  very  slowly. 

If  an  aiTid  is  added  the  velocity  of  the  reaction  is  increasMl,  and 
▼cry  ffreatly  increased  if  the  acid  1.1  strong.  In  ttie  pn»cnee  of  an 
acid  the  reaction  takes  place  as  follows:  — 

CiI,CON!I,+  lI,0  +  lICl  =  CU,COOU  +  NU.CI, 

both  the  acid  and  amide  being  tiaed  up. 

Since  Ute  active  masses  of  two  sulntances  underfco  chango,  wo 
hare  a  reaction  of  the  .lecond  order;  and  we  have  .teen  tliat  in  a 
reaction  of  the  He<v>ud  order  the  activity  cocffleients  are  related  u 
the  square  rootii  of  the  velocity  ooefficients. 

Since  equivalent  quantities  of  aciil  and  amide  are  used  up  in  th« 
reaction,  the  conntaut  is  — 

t  A  —  x 

Althou(,di  Ride  reactions  come  into  play  somGwhnt  as  tlio  above 
reaction  proceeds,  tlieir  influence  at  the  outset  ia  small,  aad  very 
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nearly  tbe  true  velocity  cot-fficieuts  for  the  different  acids  oan  be 
obtained  by  studying;  tli«  d«(^om  posit  ion  of  luiiidvs  Ht  the  very  out- 
set of  the  n-ac-tioii. 

The  following  are  the  velocity  coefficients  for  a  number  of  acids, 
obtained  by  means  of  the  method  involving  the  decomposition  of 
acetamide ;  — 

Vudcrm  CoimctMm 

HrdrocUorfe  acid        ....  t.OOO 

Nitric  Bcia 0.i)>^r> 

HyOrubrouilu  iu.'id        ....  O.OT'i 

Su1[diuric  acid O.MT 

Fonnic  acid .        .        .       ^  0.00033 

AceUcacid 0l000T47 

Mouocliluncetlo  aeld  ....  0.0296 

DicMoracrilc  acid        ....  OilU 

Trichlonimttc  acid       ....  O.OTO 

OuLUcaciil 0.109 

Tartaric  acid 0.0121 

Succinic  Mid 0.01)11)0 

Citric  ucid 0.00707 

Phmtplioric  acid 0.01-19 

if  we  compare  the  results  obtained  by  the  amide  method  with 
thosft  obtained  by  sa[ioaifyitig  au  eater,  we  see  that  the  two  sets  of 
values  agree  tor  the  strong  acid^,  although  quite  different  temperatures 
were  ii!!«d  in  the  two  seU  of  experiment^t.  For  the  weak  ncidn  the 
results  obtained  by  the  amide  methud  are  the  smaller,  and  this  is 
jiut  what  we  would  expect,  since  the  presence  of  the  Tieutral  salt 
formed  in  the  reaction  diminishes  the  velocity  with  which  the  amide 
is  decDm])03ed. 

The  three  dynamic  methods  give,  then,  essentially  the  same 
rexulta  for  the  activity  coefficients  of  acicJs;  we  shall  now  dtiidy  the 
application  of  one  dynamic  method  to  the  relative  activitit^  of  bases. 

(I)}  SaponiScation  of  Est«rs  by  Bases.  —  An  ester  like  ethyU 
acetate  Ls  saponiticd  by  a  bivst:  in  terms  of  the  following  equation: — 

CH,COOC,H,  +  KOH  =  CH,COOK  +  CHjOH. 

The  renetion  was  first  u.'»ed  by  Warder'  to  measure  the  rdativo 
activities  of  bases,  and  afterward  more  extensively  applied  by 
Beieher.' 

A  few  of  the  Telocity  coefficients  of  the  more  common  bases  aro 
given  below :  — 


'  vtmcr.  Cftm.  Joum.  »,  »W  (188J). 


*  lt4b.  Amm.  m,  967  (1866). 
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"-"— ' —  hydnwUt    . 
Sodlan  hydruzkU 
Anaoulum  tiydtOKlds. 
BkrfuBi  hydraxidB        . 
Suvntluin  bydroiM*    . 


TiiaORT  ruMiMia»i« 
2.SB8 

i.aoT 

0.011 
2.141 
8.WI 


H      ess 

^^^^        The  moKt  atrilciiiji;  featore  In  the  abore  result*  b  tba(  anmci 
^^^^   is  saeb  u.  wuik  Uum  in  oomparitoD  with  potacsioiR  or  Bodion 
^^^B  hydroxide.     \V«  sti;Jl  sve  that  Uiia  rcmiU  is  ooafinned  by  other 
^^^^  tii«th(xbi. 

^ft  We  nhall  now  leave  the  dynamic  methods  of  meBsuritig  relative 

^B         activities,  and  j>ass  to  the  static  or  equilibrium  methode. 
^B  Th«    Eqailibrinm    Hethodt   of    DManring   BeUtiTt   AotivitiM. 

^P  (1)  Tbenoochemlcul  Hethod.  —  ThcHc  methodx,  as  already  stated, 

allow  the  substances  whoso  relative  aclivitiea  arc  to  bv  measured 
to  cj)me  to  equilibrium,  and  tbeD  determine  the  vunditjons  of  tlte 
equilibrium.     If  the  reaction  is  lioterogvncous,  a  solid  eutvrin^ 
^H  tnto  the  reaction  or  being  formed  as  the  result  of  the  reactioo,  it  ia 

^H         a  simple  matter  to  determine  the  coudition.4  which  exist  when  equi- 
^H  libriiini  IH  eHtabliithed.    It  in  only  nnceautary  to  detenaine  the  amount 

f^  of  tlie  solid  |>resent,  or  to  se|iarate  tlte  heteto^i^eneoiia  ooDstitueuta, 
and  deteriiiiue  their  amounts  by  any  of  tint  ordinary  eltemical 
mctliod)!.  If,  on  th«  other  hatnl,  t))i»  n>nrtion  is  homogenemia,  the 
problem  of  fb'tiTiiiining  the  amounts  of  tiie  constituents  when  equi- 
librium iit  cntablislinl  is  far  more  difhcnilt.  It  fimpK-ntly  happens 
that  the  uontlitucnts  cannot  bo  readily  separatol  by  cheminl  means, 
and  i-psort  must  be  had  to  some  indiivct  method  of  ilctcrnuning  the 
quantities  present.  Tlic  change  in  s<ime  physical  prciprrty  which 
can  be  readily  measured  lias  been  frequently  utilized  to  detemiDe 
the  conditions  of  equilibrium  in  a  homogeneous  reaction. 

Julius  ThomscQ  used  the  thermal  changt^  or  heat  tone  of  a  reac- 
tion, to  measure  the  relative  activities  of  tlio  substaucrs  which  take 
part  in  tlie  reaction.  IE  the  heat  of  neutralization  of  a  ba«i%  say 
Bodiuni  hydroxide,  by  an  acid,  aay  hydrochloric  acid,  is  different 
from  the  heat  of  neutralization  of  the  same  amount  of  the  same 
base  under  the  same  conditions,  by  a  different  add,  say  stUphorio 
acid,  it  ia  quite  simple  to  determine  the  division  of  the  base  between 
the  two  acidi*  by  means  of  the  heats  of  neutralization.  We  must 
know  the  heal  of  neutral iyjition  of  the  first  aeid  by  the  has«,  also 
the  heat  of  neutralization  of  the  si-cond  acid  by  the  base,  and  in 
addition  the  heat  set  free  wli«n  both  acids  are  brought  simiU- 
taneously  into  oontaot  with  tlte  base.     Let  us  call  these  quantitiee, 
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respectiveJy,  y„  A'„  and  AV  If  all  of  tlii;  bajw  wnt  la  tb<>  first  acid, 
Iff  would  be  equal  to  JT,.  If  nil  of  thv  haae  w«nt  lo  lliu  twrond 
acid,  y,  wonid  be  »(tial  to  X^.  But  if  [lart  of  tlie  b<ue  |ii>c»  to  otM 
add  and  [lart  to  tbe  nthtir,  lu  is  always  ttiv  ciisf,  Aj  will  li«  son«- 
wber«  between  .V,  atul  A',.  Itygjinplv  proportion  vccaii  t*01  nt  onw* 
bow  much  of  the  ba^  tios  goue  to  isach  acid,  and  thus  nro  baro  tli« 
relatire  activities  of  the  two  adds.  lu  pnu;ti(;»  oun  a«id  \x  ttllowod 
to  act  on  tbe  salt  of  the  othvr  acid,  but  tbe  principlv  is  as  indicatml 
above. 

We  con,  of  course,  rererse  the  above  proc«dur»,  and  netitraliM 
one  aetd  \ty  two  bases  separately,  and  then  by  both  bases  siinultnnc- 
onsly,  and  from  the  data  thus  obt^ned  calculate  the  lelativi-  stn-ngths 
of  the  bases.  In  tbia  way  tables  of  the  relative  streugths  or  activ- 
ities of  acids  and  hase^  can  be  worked  out  by  tbermofheiuicnl  m^as- 
tiretitents.  In  such  invcsttn^tionit,  however,  side  reactions  may  come 
into  play,  and  such  must  of  course  be  taken  into  account  wherever 
they  appear. 

It  sliould  bu  incntioDctl  aKHin  in  connection  with  this  method, 
that  tlieriiioiibcmical  nivusuri'inontii  ttri^  ilifficult  to  make  "witb  even  ti 
fair  degree  of  accuracy,  and  this  iimtlioil  is  never  used  b>day,  since, 
at  we  shall  see,  far  simpler  and  more  acouriite  methods  are  now 
available  for  measuHittr  cltciiHoal  activity. 

(2)  Volnne-ohemical  Kethod. — Just  as  chemical  reanUona  are 
accompanied  by  thermal  change,  so,  also,  arc  they  accompanied  by 
change  in  volume.  When  a  solution  of  an  atrid  it»  brmighl  in  con- 
tact  with  a  solution  of  a  base,  the  resulting  volunii?  is  diffi^rent  from 
tbe  sum  of  tbe  volumes  of  the  two  solutions.  There  is  usually  a 
conttaction  in  volume  under  sucb  conditions, 

Ostwald '  has  utilized  the  change  in  volume  pnxluootl  in  chemical 
reactions  to  determine  Ihe  relative  activities  of  acids  and  bases,  in 
a  manner  alriclly  analogous  to  that  of  Thoniscn  just  described. 
When  a  given  base  is  neutralised  by  different  acids,  different  ehaages 
in  volume  result.  Ostwald  has  utilii»d  those  diffrrewocs  to  delei^ 
mine  jiuit  bow  much  of  a  base  bobs  to  each  acid,  or  of  an  acid  to 
each  base :  and  tliiM  the  mlative  activities  of  acids  and  Ikmih.  It  is 
only  necessary  to  know  the  change  in  volume  when  the  I«iso  ii  neu- 
tralized by  one  acid,  the  change  in  volume  when  the  base  is  neutral- 
ized by  the  second  tu;i<l,  and  the  change  in  volume  when  the  base  ia 
neutralized  by  both  acids  simultaneously. 

Id  practice  we  do  not  proceed  as  described  above,  but  allow  one 
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1  Jnrn.  pniL  Chrm.  [8],  1*,  3S8  <I878>. 
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-  ftoUl  to  ROt  on  the  niUt  of  the  other  avid.    Tba  »bov«  pnwedutv  m 
^dMoribed  b«ciui»a  it  U  exactly  tli«  name  in  ]>rinci|>I«  m  tbut  vlikb 
'■  was  actually  unployad  in  Uia  ez|wriinettt,  tuitl  ia  far  sunjilet  tc  nra- 
proliend. 

The  rolninfr«h«iiileal  meUuxl  is  gn»t1y  to  1m  prvfrmd  to  Dw 
tliermoch«iaical,  bocauM  of  tb«  ease  with  wliicti  it  i-4Ui  be  carried 
out.  It  is  Dot  ooeeawy  to  nasaiin  the  change  in  voluniv^  it  U  nif* 
fioient  to  tnoasum  th«  ohaagu  in  density  or  s{>«ciSo  gravity,  ood  tliii 
caa  be  done  very  nuulily  by  nny  of  the  <mllnary  apwiBo  (tnnty 
methods.  Th«  method  •m{>loyed  by  Ootwald  ooasists  in  w<*]{{hiii( 
the  solution  in  a  niodifieution  of  the  Sptengel  pyouontcUfr  <l«ntrd 
by  himself.  The  method  irh«a  <iarricd  out  In  this  nuuinar  beoooM 
one  of  the  simplest  laboiatory  niflliodti  of  which  wc  can  ooocdTfl. 

It  has  been  stated  that  in  both  »f  the  alwve  methods  one  oeU  M 
allowed  to  act  on  the  salt  of  another  acid,  and  from  the  dirisioa  of 
the  base  between  the  two  acids  the  nlatiro  etreogths  of  the  scidt 
determined.  At  first  thought  this  statement  is  liable  to  lead  to  i-iw 
fusion.  It  will  be  reoalled  at  once  that  when  sulphuric  ai'id  acts  m 
a  dry  chloride,  like  sodium  chloride,  practically  all  of  the  hydt» 
chlorio  acid  ia  displaced  by  the  sulphurio  aeid ;  and  whi^  oulphum 
aoid  actA  on  dry  nitrates,  practically  all  of  tlie  nilrin  a^id  is  drivim 
out  This  mlfcbt  be  Uiought  to  indicate  that  sulphuric  acid  is  io- 
finitely  stning  with  r#sp««t  to  hydrochlorie  oruitrio  acid. 

Again,  when  hydi-ogcn  siilphldu  is  allowed  to  act  on  a  soJnhl* 
chloride  or  nitrutv  oS  a  heavy  metal,  the  insoiublt*  sulphide  is  pre- 
cipitated, and  in  many  caaes  quantitatively.  From  this  it  raii;ht  be 
concluded  that  hydrogen  snlpliide  is  a  much  stronger  acid  Ihae 
hydrochloric  or  nitric. 

A  moment's  thought  will  show  that  these  conclusions  are  ne««» 
sarily  erroneous.  The  error  lies  in  not  taking  into  account  tlic  fact 
that,  under  theao  oonditions,  a  volatile  compound  is  formed  in  the  first 
case  and  escapes  from  the  field  of  action,  iCa  active  mass  Ix-in^ 
therefore,  reduced  to  xero ;  while  ill  tlie  Meond  case  an  insolnIJa 
compound  is  formed  and  separates  from  the  solutioa. 

In  order  to  test  the  relative  activities  of  two  a«ids  or  haws,  bj 
allowing  one  to  aet  on  the  salt  of  the  otiier.  the  two  aoiita  (»r  luiaei  ie 
question  must  be  under  comparable  conditions,  i.e.  the  active  masie* 
of  both  must  be  equal.  This  can  be  secured  by  working  with  vil* 
tiona  where  everytliing  is  in  solution  before  the  reaction  loMn  pla^n 
and  remains  in  solution  after  the  reaction  is  over  and  equilibrium  it 
established.  If  wc  work  with  equivalent  quantities  of  sulMtaitresr 
un<ler  these  conditions  their  active  masses  are  equal,  and  the  division 
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the  baae  between  two  .-wiil^,  or  of  tho  ncid  bctH-et-n  two  Imsob, 
ives  nt  oiiee  the  whlivi;  ft*Miviti>'.t  of  the  jwiiU  or  hasvs  in  question. 
(3)  Othtt  Equilibrium  Xetbods  of  mtuailng  Rolatlv*  ActivltiM.  — 
two  m«lbuils  diKUKw^d  u\n>v«  utiliw,  n-spectivfly,  tho  thermal 
!  and  the  volume  nliangi;  jirodnc^il  in  chemical  reactions.  In  a 
u  loanuer,  the  ohaii|;i^  in  tiny  othi.T  physical  property  produced 
cbetnical  Mtioa  may  bo  used  U}  <k-ternitiifl  the  conditioDs  which 
[i»t  when  eii|uilibriuiii  has  beon  establuhed.  A  number  of  other 
srtie*  have  U-en  utiliMd  for  this  ptirpose,  such  aa  the  change 
the  refraetive  iiowi-r  of  Uic  solution,  in  its  color,  la  its  power  to 
atate  tlie  pUuie  of  polurizi'd  light,  etc. ;  but  no  new  principle  is  ia- 
rcdved  in  tht«t  ineUiods,  and  many  of  them  are  of  limit«d  applicar 
lity.  TbcM  will  not  be  discussed  in  det^l,  since  the  e(|uilitirtum 
lethodti,  as  well  as  the  dynamic  methods  of  measiirint;  relative 
imical  activities,  have,  in  general,  given  place  in  the  last  few 
to  a  method  which  is  more  accurate  and  far  easier  to  carry 
at  in  practice  than  any  method  thus  far  oonaiilered.  This  is  tho 
Btbod  with  which  we  are  already  familiar,  based  u|>on  the  eleotri- 
.  conductivity  of  sii))>4tutict<A. 

IlwCo&dnotivityllethod  of  measTiring  Chemical  Activity. — Sinee 
;  hsB  been  shown  that  chemical  activity  is  due  only  to  iuits,  it  is  but 
to  determine  the  relative  number  of  ions  present  in  order 
idMennine  chemical  activity.    The  problem  of  measuring  chemical 
activity   n'duces  itself,  then,  to  tho  measurement  of  electrolytic 
ciation. 
The  conductivity  method  of  Kohlrausch  and  its  application  to  tho 
■easurement  of  electrolytic  di-tsociatiou  have  been  considered  at 
iifBcient  length;   it  only  remains  to  discuss  some  of  tho  resulta 
rkiclt  hare  been  obtained. 

The  strong  mineriil  adds  are  dissociated  to  just  about  the  same 

stent.    These  include  hydrochloric,  nitric,  hydrobromic,  chloric,  and 

,  few  others.     Tho  strong  bases,  such  w  sodium,  potassium,  caleiom, 

Itinm,  and  rubidium  hydroxides,  arc  dissociated  to  just  about  tlw 

Dfl  extent,  and  to  about  the  same  extent  ae  Urn  atruig  ^i^**  under 

de  same  conditions.    The  salts  are,  in  general,  strongly  dissooiated 

Dmpounds.    They  are  dissociated  to  very  nearly  the  same  extent  as 

strong  acids  and  bases.    There  are,  however,  aomo  exceptions 

nong  the  salts ;  those  of  cadmium  and  mercury,  and  zinc  to  a  le»s 

e,  are  dissociated  much  leas  than  the  otlier  salts.     Inde«d,  some 

'  the  salts  of  mercury,  such  as  the  chloride  and  cyanide,  are  scarcely 

ciated  at  all.    The  above  statement,  nevertheless,  applies  to 

St  of  the  salts,  including  those  of  very  weak  acids,  such  as  car^ 
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Iconic  and  hyiJrocyHnic,  potassium  carbonato  ami  uyanide  being 
quiW  strati);!)'  dissonuttwl  oomiicNiads. 

Since  dissociation  and  chemical  activit}*  ai«  propottionBl,  when 
«•  speak  of  a  comjmund  as  being  strongly  dissociated  wo  iiivan  one 
whose  chemical  activity  ia  great  Since  condttctivity  lias  been  used 
to  inrasure  <^heniica!  aotirity,  we  use  the  t«mis  " dissociation  "  and 
*'cbemi«al  activity  "  as  aynonynious. 

When  wft  turn  to  the  Arganio  acids  and  bases,  we  find  nearly  all 
dogTMs  of  activity  r«prc«cnt<nl.  Soin«  of  the  orKnnic  acids  as  formic, 
oxa]ic>  trichltiraoetic,  and  the  lik«  arc  qiiil«  strunp;;  while  acida  like 
acetic,  siiccinii;,  citric,  hydrocyanic,  are  vvry  weakly  dtnsociated  com* 
pounds.' 

Similarly,  when  we  deal  with  the  organic  bHsvs,  we  find  that  many 
of  the  substituted  atoinonias  are  strongly  diecociuttid  substances, 
while  amtnonia  itself  is  a  very  weak  bMc. 

When  we  weiu  studying  the  conductivity  oietbod  itM-tf,  and  it* 
application  to  electrolytes,  we  saw  that  the  molecular  conductivity 
and.  conseftnentty.  the  dissociation  increased  with  the  dilution  of  tha 
solution,  lu  order  that  the  i-esultd  obtained  by  this  metiiod  for 
diffoifrnt  substances  should  be  comparable,  we  must,  therefore,  woik 
nt  the  sarae  dilulioTiii,  and  this  ia  always  taken  into  account  in 
applyttig  the  conductivity  method  t-a  ths  measurement  of  chemical 
activity.  The  niAf;nitiide  of  the  influence  of  dilution  will  be  seen 
when  we  ni-all  that »  normni  Kuliitiim  i>f  a  stroii];  acid,  base,  or  salt 
il  about  eighty  pfv  iieiit  dissociated;  while  a  tliousandtli's  normal  is 
completely  diKsoriiitrtl. 

The  iiniKirlHiice  of  the  dilution  laws  is  especially  great,  in  connec- 
ttOD  with  the  application  of  the  conductivity  method  to  tbe  measure 

ment  of  chemical  activity.    Take  the  law  of  Hudolphi, 


constant,  wliich  applies  to  strongly  di.isociated  electrolytes.  The 
value  of  the  constajit  is  a  measure  of  the  chemical  activi^  of  the 
•ubstnnee. 

T.iki!  the  weakly  disscoiat^tl  oompound.t — the  on^r-intc  acida  and 
b»scs  —  to  which  tlic  dilution  law  of  Ostwald  applies.    The  value  of 


■  =  constant,  has  bcvn  used 


tlio  constant  in  the  equation,  — 

direct  measure  of  the  strength  of  the  acid  and  base,  na  we  have 


1  For  duUiUii  ill  cotinectloii  wlUi  the  Arenxtbs  of  organic  acids  and  tiaaes 
OstwtiU  :  Z4td>r.  phi/».  Chem.  8.  ITO,  841, 300  (1880) ;  and  Bivdig  i  JM.  U,  W9 
(IBM). 
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B'  Id  comparing  the  5U«ii},'t]t»  of  or^uic  acids  kiid  bas«s  by  means 
mt  th<-  ciniductivity  mvthud,  we  can  tiifii^ure  tite  dissocintioDs  at  tha 
^amc  dilutious  luid  cnin]<ar«  tlie  n-jiulu,  or  wo  can  mcusure  the  di*- 
aocialions  nt  any  dihitioiix,  Nubstittit*;  tlw  vaJitcs  in  tho  Ostwald 
dilution  law,  and  coid]»it«  the  Tultii-s  of  tho  constants  obtained. 
The  Iatt<^r  mode  of  provodiirv  is  usually  adopti-d  bvcause  it  is  simpler 
and  more  convenient. 

The  same  rcmaxki  apply  to  the  strongly  dissotriated  compounds. 
"We  thus  sec  how  the  conductivity  method  can  be  used  to  measure 
lical  activity;  we  shall  nowleam  what inMiiencecoinposiUon and 
stitution  esert  on  the  chemical  activities  of  substances. 

EFFECT  OF  COMPOSITION  ASD  CONSTITUTION  ON 
Clil-ailCAL  ACTIVITY 

Compoiitlon  as  conditioning  Acidity.  —  W'k  have  alrcmdy  sreo 
om  till-  [icnodic  systf  m  wliat  tleiin-iits  aro  in  gitncral  acid- form iiig, 
and  what  are  basofonning.  In  this  coiin«cticia  wu  should  look  a 
little  more  closely  into  this  qimstiou,  and  tti<|uiri;  not  only  into  the 
ualitative  iutlueiico  of  the  diHcTviit  elements,  but  the  magnitude  of 
inftueiice  which  they  exert  This  is  now  quite  a  simple  matter, 
loe  we  have  such  convenient  methods  for  measuring  chemical 
vity. 

If  we  look  at  the  history  of  acids,  we  shall  find  tliat  for  a  long 
it  waa  thought  th.it  acid  properties  are  due  eutiiely  to  the 
nee  of  oxygen.  Indeed,  the  name  of  this  element  means  acid- 
fonner.  According  to  the  earlier  views  it  was  impossible  to  have  an 
acid  without  the  presence  of  oxygen.  So  firmly  rooted  did  this  idea 
beooinv,  that  when  hydrochloric  acid  was  discovered  it  was  thought 
that  it  must  contain  oxygen,  notwithstanding  the  fact  that  no  oxy- 
gen  could  Ik*  di'tcirted  in  iti*  moWule.  The  only  jiosslbility  of  tlio 
presence  of  oxygen  was  that  it  wu  combined  with  the  ohlotiue,  so  it 
VIS  said  that  chlorine  must  contain  oxy^ten  and  he  an  oxide,  and  not 
in  element.  It  was  regarded  as  the  oxide  of  an  unknown  element 
murium,"  whence  the  name  muriatic  acid. 
We  know  to-day  that  oxygen  as  such  has  nothin)i[  to  do  directly 
with  acidity.  The  cause  of  acid  properties  is  the  hydrogen  ion. 
Wherever  we  have  hydrogen  Ions  we  have  acid  properties,  and 
■wherever  we  have  acid  properties  we  have  hydrogen  ions.  The 
sti«ngth  oT  activity  of  acids  depends  entirely  upon  the  number  of 
hydrogen  ions  present  in  tlieir  solutions  ■  upon  the  dissociation. 
II  acid  properties  de|fend  entirely  upon  the  hydrogen  ionii,  how 
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do  other  elements  affect  acidity  at  all  ?  V 
acid-f  onning  element  ? 

Elements  other  than  hydrogen  do  not  afl 
they  may  affect  it  Tety  greatly  indirectly,  in 
or  retard  the  dissociation  which  yields  the 
we  say  that  an  element  is  acid-forming,  w 
facilitates  the  tUssociation  of  hydrogen  from 
it  is  present. 

If  we  examine  the  strength  of  acids  in  t 
conceptions,  we  shall  find  some  surpriung  i 
well-known  compounds.  Take  first  the  foui 
been  accustomed  to  regard  them  all  as  very 
the  exception  of  hydriodic  acid,  which  is  son 
regarded  them  as  about  of  equal  strength, 
conductivities  at  the  same  dilutions,  we  find  i 


YoLVnn 

Ha 

BBr 

■» 

f>> 

4 

843 

3&i 

la 

862 

367 

2G0 

S78 

380 

:024 

380 

880 

40Mt 

378 

372 

We  see  that  hydrochloric,  hydrobromic,  j 
of  about  the  same  strengths  for  all  dilutions 
thousand;  but  hydrofluoric  acid  is  very  mu( 
the  more  concentrated  solutions.  As  the  d: 
the  hydrofluoric  acid  continues  to  dissociaU 
nearly  to  the  values  of  the  other  acids. 

Effect  of  Oxygen  and  Solphtir  on  Aoidity. 
very  we;ik  acids, — hydrogen  sulphide  and  1 
see  how  the  introduction  of  oxygen  into  the  < 
the  other  affect  the  acidity. 

Hydrogen  sulphide  is  a  very  weak  acid  ini 
by  the  few  conductivity  measurements  whic 
Ostwald.'  When  oxygen  is  introduced  into 
have  first  sulphurous  acid  and  then  sulphui 
the  influence  of  oxygen  in  the  molecule  may  1 

>  Jbxnt.  prait.  Chem.  U,  300  (1866) ;  I 
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of  hydrogen  sulphide,  sulphurotu  acid,  and  sulphviric  acid^  aa 
far  u  they  hav«  been  determmed  at  companble  dilutions,  are  givcu 
below ;  — 


VvlEIU 

iM 

Hi*0, 

H^ 

i 

!•• 

N 

N 

^                   t« 

0.70 

— 

407.4 

■            33 

0.01 

177.5 

448,8 

^m^^  s£s 

— 

2T0.O 

681.0 

^BP^*^ 

S:!4.7 

0iQ.O 

Sulphurous  iicid  is  obviously  much  xtront^i  thui  hydrc^n  sul- 

^|ihid«,  and  Nutphurio  acid'  much  stranger  thaii  sulphurous.     Thf 

introduction  of  oxyst-n  into  tlie  molt-culc  of  hydrogen  aiilijhide  has 

thus  vfty  ^rn^ntly  increased  the  acidity,  which  is  the  aamv  as  U>  say 

has  gTC?:atly  focilitnted  tha  disaociatioti  of  hydrogen  from  the  iiioleculr. 

Let  us  see  what  iii9ttenc«  the  introduetion  of  sult'hiir  iiit4>  the 

molecule  of  hydrocyanic  acid  has  on  its  acidity.     Conijiaring  the 

I  conductivitips  of  hydrocyanic  acid  and  sulphocyanic  acid,  as  deter- 

miuod  by  Ostwald,*  we  have;  — 


1                     VcLriiM 

HCS 

nscs 

1 

>•• 

". 

L       * 

0.33 

S3T 

m 

0.S8 

346 

m 

0.43 

S52 

■  . 

0.46 

866 

Th«  introduction  of  sulphur  into  the  molecule  of  hydrocyanic 
id  has  iocraasod  its  acidity  sovorul  hundred  limes,     Indeed,  hydn>- 
^aoio  acid  is  scarcely  an  acid  at  »11,  wliile  Nulphucyanie  ucid  is  to  \ki 
k<ul  among  the  very  strong  acids,  as  will  be  seen  from  the  rasulte 
'  tiiB  conductivity  measiiroments. 
It  might  be  concluded  from  the  above  results  that  the  introdtic- 
of  oxygen  or  aiili)hur  into  a  molecule  always  increased   the 
acidity.     Such  mitjht  be  the  case,  but  the  data  thus  far  examined  an- 
l^loo  few  to  justify  any  such  conclusion.    Let  ua  examine  a  nuJnb«r  of 

*  I(  tho  mtilri-nUr  conduct  Wit  Im  nt  xnlphariR  ncid  are  compiuvd  wiih  tliom 

hy^i'-chloric  scU  at  Uie  sAine  dilutions,  li  will  b»  swji  that  tho  former  aw 

■nueli  Uiu  imatvT.     Tliia  in  Iwcauiu  nulphuric  acid  iipllU  otT  two  hyilmgm  li>iu>, 

both  of  vrfalch  take  piir(  In  tliu  oonductivlty.    It  ia  unly  a  little  more  tlian  ball  aa 

•tronff  M  hydrochlurlo  acid.  *  Loe.  tU. 
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other  caseH.    Take  the  aeida  of  jihosphoms,  where  we  htre  s  nambet 
of  membeia  diflTering  by  an  oxygen  atom. 


V»II)*B 
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1                        ' 
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1                    » 
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r        tijt 
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IleK  the  acidity  coDtinually  decrcait«:s  as  Uio  amount  of  osyg6D 
inoreases,  which  is  exactly  the  oppoKite  of  what  we  found  with  the 
acids  lieiived  from  tiydn>i(eH  sulphide  by  the  introduction  of  oiygeji. 
Tlie  evideiiie  bcaritig  uikhi  ih«  effeot  <ir  i>xyjfeii «»  acidity  sc«ms  con- 
flicting.    ^Vhat  u»ni.'lii«i(iii  »re  wn  to  draw  ? 

If  we  esainiue  a  gri^jt  number  of  cu«i-it,  we  find  that  the  tntroduo- 
tion  of  oxygen  usually  iiH-mue-s  the  iu-i<ltty;  tiomctin]««  it  has  littlo 
or  no  iuflucnce  on  the  acidity  of  the  eoni]K>iind|  mid  in  a  few  cases 
like  the  above  it  actually  diiaini»hcs  the  acidly  ot  the  compouud 
into  which  it  enters. 

An  examination  of  the  acids  into  which  sulphtir  entera  shows  that 
the  ctfcct  of  the  presents-  of  sulphur  is  to  iucreaso  aeidtiy.  Some 
other  influenc«,  as  change  in  the  constitution  of  Ibe  compound  pro- 
duced by  the  introdiii-tioii  of  sulphur,  may  offset  the  influence  of  the 
sulphur  atom  ;  but  this  is  of  course  a  differL'nt  matter,  and  does  not 
detract  from  the  truth  of  the  above  statcmenL 

Orgsnio  Acids  and  tbnr  Snbctitntion  Frodncts.  —  Thus  far  we  have 
considered  muiuly  inorganic  acida.  The  effect  of  composition  on  the 
strength  of  organic  acids  can  be  seen  beat  by  altidying  hoiuoU)Ko»i< 
series  of  the  fatty  acida,  and  then  soiue  of  the  aubstttuiioii  products  of 
these  acids.  Ta^e  first  the  foruic  acid  aeries,  and  atmparc  the  molec- 
ular conductivities  of  the  first  five  nieuibers  at  the  akuic  dilutions :  — 
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Those  results  «ho«r  Ui*t  formic  afrid  is  uiicfa  stroDger  thao  any 
ling  incmber  of  tlw  3<uni»     The  a^ldily  of  the  following 
'inembcn  do«i  i>ot  ohuiige  wry  «pi»r«;ial)!y  with  increase  iu  the  com- 
plexity of  the  molecule;  there  is,  jwrhaps,  a  slight  decrease  in  the 
acidity  as  the  molecule  bei-omes  more  complex. 

Take  the  first  three  memberti  of  the  oxalic  acid  series,  —  oxalic, 
maloDic,  and  suceinic  acids, — and  compare  their  conductivities  in  u 
aimilar  manner:  — 


VoLUina 

Okalto  Acii> 

MjkLOTIK  AjRD 

BnaJtrc  A^p 

1^ 

". 
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— 
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3G4 
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C0.61 
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SU.fi 
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Id  this  series  the  decrease  in  B<^idtty  with  increoac  in  complexity 
rery  marked  indeed.    Oxalic  acid  is  much  atrontpcr  than  tnalouic, 
and  malonic  is  a  much  stronger  acid  than  succinic. 

Ttuving  to  the  substituted  acids  of  the  formic  acid  series  Ostwalil ' 

measured  the  conductivities  of  the  chhracetic  adds  and  of  mono- 

romac^tic  acid.     His  results  are  given  in  the  following  table,  to- 

ther  with  tliose  of  acetic  acid  itself  for  the  sake  of  comparison :  — 
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Prom  acetic  acid  and  its  chlorsulinlitution  products  we  soe  the 
«ffect  of  substituting  hydrogen  in  tJie  melliyl  (,'roup  by  chlorine. 
The  acidity  is  greatly  incrwised  by  the  proeenoe  of  the  first  chlo- 
rine atom;   it  is  still   further   increased  by  the   preaenco  of  the 
cond  chlorine  atom,  and  trichloracetic  acid  is  a  very  strong  acid 
Ehdeed.     Bromine,  tike  chlorine,  also  greatly  increaaes  Uie  acidity  of 
llWCtic  acid,  and  to  nearly  the  same  extent. 


■  ZtKhr.  phy*.  Clum.  S,  ITO-ITS  (18U}. 
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Oatwald*  next  studied  the  effect  of  introducing  <m  oxtfgeH  < 
the  radical  on  the  acidity  of  the  compound.  Take  acetio  i 
its  monoxygen  deriTative,  glycolio  acid:  — 
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The  introductioQ  of  an  oxygen  atom  into  acetic  acid  incre 
acidity  many  times. 

Take  propionic  acid  and  compare  its  acidity  vith  its 
derivatives ;  — 
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Here  we  have  two  monoxy-derivatives  to  deal  with,  de 
upon  which  group  (CH,  or  CH,}  the  oxygen  enters.  If  it  en 
CH;  group,  the  acidity  is  greatly  increased;  if  the  CHj  grt 
acitlity  is  increased,  but  not  to  the  same  extent.  Here  we  et 
tho  effect  of  constitution  on  acidity ;  but  more  of  this  later. 

Turning  next  to  the  oxysueciaic  acids,  we  have  the  moi 
derivative  or  the  malic  acids,  and  the  dioxy-derivative  or 
acids.     Ostwald '  has  also  measured  the  conductivities  of  th' 
stances,  and  the  following  data  are  taken  from  his  results  :  — 
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1  ZUehr.  phyi.  Ckem.  S,  183  (1889). 
'  Ibid.  S,  870-372  (1889). 
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Th«  introduction  of  oxygen  into  Kucciiiio  acid  also  iiicroawiB  the 
lity  t»  a  iimrkiMl  ext«iit    Tb«  Introduction  i>f  <>nv  oxygen  atoa 
than  duiiblvs  tliu  aolditj,  whil«  the  introduction  of  a  secoml 
on  ntoin  still  further  incmiaas   the  Midity,  esjxieiallf  in  the 
liore  L'oiicentraUd  sulutioiu. 

The  influence  of  thi'  pretence  of  the  nitro  group  is  seen  by  com- 
ring  the  conductivity  of  an  acid  like  benzoic  acid  with  the  oon- 
loctiTity  of  moDonitro  benzoic  acid :  — 
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Tlie  |imien<M«  of  tbp  nilro  Ktx>up  greatly  in«rea»r!a  the  acidi^  of 
lie  ooiujiuinid  into  wliicli  it  piitora. 

n»  preaence  of  ihe  amido  gmup  has  the  opposite  ufFevt,  aa  ve 
ex])eot.     Comparing  the  conductivities  of  benzoic  acid  and 
aidobenioio  acid,  we  sue  that  this  conclusion  is  justified  by  the 
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Constitation  as  conditioning  Acidity.  —  We  have  seen  one  ex- 

ipli!  of  llio  effett  of  constituliou  on  acid  properties.     Lactic  aold 

.  A^xypropionic  acid  axe  iHomerio,  having  the  same  compoaitioo  \ 

Bt  the  aridity  of  the  former  is  more  than  double  Uiat  of  tlte  latter. 

Fe  altnll  now  study  other  isomeric  substancea  to  sec  wheUivr  the 

!lunnr4>  of  r«nHtltiition  on  acidity  is  general. 

Take  Xhn  lwx>  acids  having  the  composition  C|H,COOH,  —  butyric 

ad  im>butyric  acids,  —  and  comparing  their  conductivities  at  the 

'  dilutions,  we  bavo: — 
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The  acidity  of  th«sB  two  isoincnM  is  vtiiy  nearly  the  mane,  con- 
atitntion  h&viiig  but  little  influence  in  tliesu  cn»es. 

T&kc  next  tlu-  two  iiioincric  moiioxy-derivatives  of  sttcoinic  acid,— 
malic  and  inactive  malic  acids :  — 
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Constitution  seems  to  have  little  or  no  influence  in  the  above 

Cum)iarin^  tim  ui-ii)itii^»  of  the  ililiyilioxj.-tiicoinic  adds,  O.itwald ' 
has  dittcniiiiii^d  the  iromluclivitios  of  the  thnw  iKmtieric  subotancee,  — 
destrotartai'ic  anid,  hwvotarlArio  acid,  and  nu^einic  acid:  — 
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Here,  again,  conatitution  has  little  or  no  infiaence  ea  the  aeidit; 
of  the  isomeric  substances. 

We  shall  talcc  up  next  an  entirely  different  kind  of  iaomertmt,  dfr 
pendent  upon  the  arrangement  of  the  atoms  in  space  (jttereofmin* 
erism),  and  see  what  influenpe  the  different  apatial  configurations  have 
on  the  strength  of  the  acid. 


■  ZMhr.phy*.  CUm.  S,  S;i-3T2  (1800). 
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Tako  tho  two  wida  having  the  oomposition  CiH,(C00il)B — 
kdelc  and  funtaric  acids.     In  terms  of  st«rcochemistrf  and  the 
nooption  of  the  tetiahedra)  carbon  atom,  these  acids  are  to  be  rep- 
uted by  th«  following  fonuulaa :  — 


H  -  P  -  COOH 

II 
H  -  C  -  COOH 


I  H  -  c  -  coon 

II 

COOH  -  C  -  H 


Tn  malelo  acid  Ihu  two  hydrogen  atoms  andr  similnrlff  th«  two 

3xyl  grou])!)  arc  ou  tlie  samo  side  of  the  molecule     In  ftimariu 

rid,  liydrogcQ  is  opposite  carboxjl.     It  is  very  inlvrosting  to  see 

rbat  influence  this  difFerence  in  conliguratiDn   would  hav«  on  the 

eidity  of  the  cx>mpounds.     Ostwold '  has  measured  tlie  conductivity 

;  khsM  BCids :  — 
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The  acidity  of  the  inAlel{>  acid  \a  obviously  very  much  the  greater, 
sis  is  probat>ly  connected  in  some  way  with  the  juoximity  of  tba 
irdrogen  atomN,  which  form  ions  and  give  the  acid  properties  to 
ooni  pounds. 

Let  us  talcft  luiolhor  example  of  stereoisomerio  substances,  and 
what  influence   rcmligiimtioii  or  spatial  relation  has  on  their 
eidity.     According  to  Wislicenua,'  citxaconic  and  ntesacoDtc  acids 
<  isomeric  in  the  same  sense  as  malelo  and  fumario  ooida:  — 


Ofnuratn*  Vi> 

CHi  -  C  -  COOH 
II 
H  -  e  -  COOH 


JtttxnnK  .\T-m 

HOOC  -  C  -  CHi 
II 
H  -  C  -  COOH 


In  citTKonic  acid  the  two  carboxyl  groups  arc  on  the  santo  side 
!tba  noWuIc,  while  in  mcsaconic  acid  they  arc  on  ditfdreiit  aidoa. 
The  following  comparison  of  the  conductivities  of  the  two  acids 
I  that  they  have  vety  diSerent  strengths :  — 

>  Zturhr.  fhf.  Clitm.  ».  3M  (lf)80). 

*  MK.  <r.  Kgt.  Sidt*.  Ot*.  4.  WU.  M,  37  (1881). 
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CmAOomo  Acid 
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Citraconic  acid  is,  obviously,  much  the  atto 

There  is  a  third  substance  having  the  sai 

abore,  known  as  itacontc  acid.     It  has,  howei 

metbylenesuccinio  acid,  having  the  constitutit 

formula  — 

CH,  =  C-COOH 
I 
H,C-COOH 

Its  acidity  is  less  than  even  that  of  meat 
seen  by  the  following  conductivity  results :  — 

VoLTTlUi 

11.11  

44.44  

177.8 

711.1  

1422,0 


"We  shall  now  turn  to  another  kind  of  ison 
the  aromatic  compounds,  and  see  what  effect  t 
in  constitution  has  on  the  properties  of  the  sul 

The  most  probable  formula  for  the  con^it 
aents  its  molecule  as  a  hexagon,  with  the  si 
corners  of  the  hexagon.  In  terms  of  this  < 
have  three  kinds  of  disubstitution  products, 
three  are  known :  ortho,  where  the  two  su1 
joining  corners  of  the  hexagon ;  para,  where 
corners;  and  meta,  where  there  is  one  corner 
question  which  arises  in  this  connection  ia  ■ 
the  position  occupied  by  an  atom  or  group  h 
the  compound  ?  Take  as  an  esample  benzc 
atructure  represented  thua :  — 


If  w6  replace  one  of  ttie  five  hydrogen  atoms  by  a  hydroiyl  groap, 
or  wlint  is  the  same  thing  intriHlturo  uii  Mxy^fn  atotn  iiiU>  th« 
jnoloculp,  what  inftaencfl  on  the  uciility  would  the  poiitiua  of  thfl 
oxygen  atom  ha**©?  This  is  aiiswerod  by  coinpurin^  the  acidity 
of  benzoic  acid  with  that  of  ortho,  ineta,  and  para  oxylwnzoic  acids, 
respectively.  The  following  data  arc  tttkon  from  ttiv  work  ot 
Ostwald:'  — 
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The  position  of  the  oxygen  atom  has  thus  a  very  marked  influ- 
ence on  its  effect  on  the  acidity  of  benzoic  acid.  lu  the  ortho 
position  it  increased  the  acidity  more  than  three  times;  in  the  msta 
position  Iho  acidity  is  increased  but  only  slightly,  while  the  pres- 
ence of  the  oxygen  in  the  para  position  actually  decreases  the 
acidity  of  lienzoio  acid. 

lA-t  us  examine  next  the  effect  of  chlorine  in  the  three  po«- 
tioiis:  — 
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Chlorine  in  the  ortho  position  has  the  greatest  influence,  in  tl* 
f**ta  position  an  intermediate  inflnenoe,  while  in  the  meta  positioa  | 

>  ZttcAr.  phyi.  Chtm.  1,  341  (1889). 
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it  has  thii  li'.wt  infliictiov.    This  is  not  the  ordrr  with  Mspvct  to  tho 
tnflutrDcc  vx<;rti-d,  whiuh  was  obaervcd  with  oxygon. 

Take  th«  tiitrolK-Rioic  acidx :—  • 
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The  nitro  group  incrca»v«  the  acidity  of  benzoic  acid  when  in  any 
of  the  three  positions.  It  has  the  ^rreatBst  inQuence  in  the  ortho 
position,  )«Ha  in  the  para,  and  the  least  influenoe  ill  the  meta  posi- 
tion.  Take,  iinally,  the  eCect  of  position  on  the  infloenoe  of  tlie 
amido  Kfoup:  — 
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Th(>  amido  group  in  the  ortho  position  and  in  the  jpara  (losition 
greatly  diminishes  the  acidity  of  benzoic  acid,  while  tlin  utiidu  ^roup 
in  the  meta  position  has  little  or  no  inilutmon  on  the  acidity  of  ben- 
zoic acid. 

It  18  obvious  from  the  above  results  that  position  has  a  marked 
«ffect  on  the  influence  of  atoms  and  groups  on  tlic  acidity  ot  oom- 
poiinds.  No  wide- reaching  generalization,  which  is  frvc  from  excep- 
tions, has  been  arrived  at,  roiincctini;  th&ie  phenomena.  It  may  be 
said  in  general  thiit  tho  greatest  inflaenoe  is  exerted  in  the  ortlio 
position,  white  thn  smallest  influence  is  shown  by  the  substitaeat  ja 
the  mitia  or  para  position. 

We  have  studied  in  this  chapter  the  influonce  of  composition  on 
acidity,  and  also  the  influence  of  constitution  on  acidity.     I.et  its 
now  see  what  influence  compositioD  and  constitution  hare  on  tbw" 
strength  of  bases. 


H                 MEASURHMKXTS  OF  CUKMICAL  ACTIVITV            MS               | 

H      Compoiition  at  ooaditioaing  Basicity.  —  We  havo  neen  tliat  tlie            1 
^■pause  of  acidily  is  thfl  presence  of  hydrogen  ions,  itml  an  ftcid  is             1 
^■ttrong  or  veak  iu  proportion  to  tlie  number  of  hy(lro);i!it  ioiis  pre«-       ^^fl 
^Hnt — iu  proportion  to  its  ditutociation.                                                        ^^M 
^B     In  an  analogous  manner,  the  catiso  of  basicity  is  llii>  prcsonoe 
^Kf  hyOroxyl  ions.     Wlii^mvcr  wu  havo  hydroxyl  ions  wu  have  basic 
^BToporly,  and  wherever  wo  luivo  Imuic  property  we  have  hydroxyl 
^Hona.     A  Inse  is  strong  or  WHalt  just  in  proportion  to  the  number  of 
^Dtytlroxyl  iuna  present,  i.e.  in  proportion  to  its  dissociation. 
^B     The  strongest  of  all  bases,  as  wo  have  learned,  are  the  hydroxides 
^Kf  tlie  nlkult  metals,  —  imtassium,  sodium,  <alcium,  lithium,  and  ru- 
^Bidium  hydroxides.    These  are  dissociated  to  just  about  tiie  same 
^Bzttfiit  as  tlie  strongest  inineral  acids,  under  Uie  same  condition  of 
^BOncen  1  rut  ion . 
H|      Whc-n  wo  come  to  ammonium  hydroxide,  we  And  a  base  wbi<!h  is 

incoin)iAr.3b1y  weaker  than  those  to  nhidt  we  have  just  referred. 

That  thU  may  \»  fully  appreciated,  the  mulecular  conductivities  of 
^■k  few  solutions  of  auiuionium   hydroyide  are  compared  witli  the 
^Bnolecutar  conduotivitiea  of  thn  oon^5]HindinK  solutions  of  potassium        ^m 
^Biydroxide,  the   tueuHiiromeiils   iK-.iug  made  at  the  saiuo  tcmiien^        ^^M 
^■tures: —                                                                                                             1 

^H                VulBHU 

?uTiMis>  BnawiBW 

ABHumua  Hinaoiuv                              1 

1     i 

•• 
171^ 
10S.O 

ais.4 

^M     In  normal  solution,  potassium  hydroxide  is  nearly  two  hundred      ^^| 
^Kmcs  us  strung  as  ammonium  hydroxide;  as  the  dilution  increases,       ^^| 
^■lu  strength  of  animouium  hydroxide,  relative  to  potassium  bydfox-        ^H 
^b«,  iticn.<gtB«fl,  until  at  a  diUition  of  1000  litres,  where  potassium        ^H 
^■jrdtoxide  is  completely  dissociated,  ammonium  hydroxide  is  about       ^^ 
^Ba»«igbth  as  strong  as  potassium  hydroxide.                                           ^J 
^B      Ammonium  hydroxide  is  an  example  of  the  way  in  whioli  physl-        ^^M 
^Bal  chemistry  lias  Gorri>ctMl  errors  in  chemistry,  which  havo  persbted        ^^M 
^Bd*  a  long  time.     AinmooiHin   hydroxido  wsk  ro|;ardei)  as  a  very        ^^M 
^■trong  lose,  ami  there  was  no  purely  chemical  mrans  of  correcting             1 
^Hhn  prror.    Tl  [inTijiitated  most  of  tliu  subiitaiKM  wHth  which  potas-              1 
tium  hydroxide  fornio<l  a  pracipitat* ;  it  acted  Tigociously  ui>on  the              1 
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mucous  membrane  of  the  throat  and  nose,  and  altogether  behaved 
lilco  a  very  stroug  base.  It  remained  for  a  physical  cb«mieal  method 
— the  ocniductivi^  method  —  to  show  tliat  it  is  relatively  a  weak 
base,  by  itieaAuriug  tlie  relative  niimbi^r  of  hydroxy!  ions  present. 

The  hydroxides  of  the  alkaline  earths,  —  calcium,  strontium,  and 
barium,  are  very  atroug  liasvis,  I)iit  uut  as  strung;  as  tiie  hydroxides 
of  the  a)kalie:ji.  Halving  thi:  niolecular  conductivities  of  tlie  former, 
and  oouipariii^c  thesi!  valui»  with  tlie  molcf-iilar  oonducUvitJes  of 
potasnium  liydroxide  under  the  same  conditions,  we  have :  — 
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The  relative  strengths  of  the  two  seta  of  hydroxides  aro  obvious 
from  th(i  above  values. 

If  we  go  farther  and  examine  the  hydroxides  of  the  heavy 
metals,  we  would  tind  that  moHt  of  them  are  so  slightly  soluble  that 
their  couduirtivities  cannot  be  measured  satisfactorily.  We  would 
also  hnd  that  some  hydroxides,  like  aluminium  and  zinc,  are  acid 
under  one  set  of  conditions  and  basic  under  other  conditions.  In 
the  presence  of  a  strong  acid  they  are  basic,  and  in  the  j>re8eaoe  of  a 
strong  liase  they  are  acidic. 

It  may  seem  difficult  at  first  to  account  for  these  tacts  in  th« 
ligtit  of  tlie  present  simple  eoucepttons  of  acid  and  base ;  but  they 
really  present  no  difficulty.  A  substance  like  aluminium  hydroxide  ia 
the  presence  of  a  (ttroug  acid  di.tsociates  like  tlie  alkaline  hydroxtdec, 
yielding  hydruxyl  lous  which  give  it  il.t  liaaic  propcrtius.  In  Hits 
presence  of  a  strong  base  it  dia.suciateii  yielding  hydnigen  ion-S  and 
a  complex  anion  containing  aluminium,  oxygen,  and  probably  some 
hydrogen.  The  way  in  which  tlio  molecule  breaks  dowu  into  ions 
luay  Ite  conditioned  by  the  nature  of  the  substance  with  which  it  is 
in  contai't. 

Organic  Bases.  —  The  most  accurate  work  on  the  conductivi^  of 
tbe  organic  liases  we  owe  to  Brcdig,'  who  carried  oat  this  elaborate 
series  of  measurements  in  connection  with  his  dissertation  in  Ost- 
wttld's  laboratory  and  under  his  guidance.    Let  us  examine  first  the 

^ZfKhr.phya.  Chan.  IS.  289  (18M). 
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of  compoaition  on  basicity  among  Uie  primary  amtuea,  by 
omporing  soiuo  of  the  moinlwrsof  tho  homologoua  series, — metliy]* 
nine,  ethylajuine,  etc :  — 
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Mothylaiuiiw  i«  a  much  stronger  base  Uiao  amnumia  itself,  shov- 

Uiat  tbo  rcplftcvmcnt  of  onv  liydrogon  atom  by  a  methyl  group 

greatly  inrrc-ased  the  basicity.    Ethyl  hta  just  aboat  the  same 

luVDCo  as  methyl,  while  propyl  haa  a  slightly  smaller  inBuenra. 

The  question  which  would  noit  arise  is  what  iiiflui>iice  would  the 

placement  of  a  second  hydrogoD  atom  by  a  radical  have  on  the 

ricity  ?    This  can  bo  answered  by  studying  tho  scries  of  second- 

amines :  — 
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Diniethylamine  is  slightly  etrongor  tliao  monumothylomiDe,  and, 
ailarly,  for  diethyl-  and  dipropyl-amines. 

We  can  go  farther  and  introduce  a  third  group  into  ammonia, 
^Ting  the  tertiary  ammonium  bases.     It  is  of  interest  U>  MS  what 
luenee  the  third  group  lias  on  the  basicity :  — 
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Tlte  introduution  of  the  third  ratlic-il  iliiniiii»lica  thr  Ixuticitj  verj 
OVBsidvrubly. 

Wu  van,  liowercr,  go  one  step  futkvr  und  introduce  a  fourth  tadi- 
ea]  iDto  atntnoDia,  giving  tbo  'inaternaiy  ammonium  bases.  What 
effect  could  the  fourtli  group  havi;  on  th«  basicity  7  Since  the  third 
group  lessens  the  basicit)-,  wo  should  expect  the  fourth  group  to  still 
futther  diuittisb  it.     Let  us  see  what  are  the  facts :  — 
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The  fourth  group  increases  the  basicity  to  sudi  an  extent  that  the 
quat«rnury  aminoiiiuiu  bawes  are  not  only  stronger  than  tln^  primary 
and  secondary,  but  are  to  be  ranked  with  the  very  strung;  ))a!^<«,  K-ing 
nearly  a»  atronic  va  the  alkali  hydroxides  thvnisnlves.  Tlu'  j>ri*-»w«.'« 
of  fiHir  suhslitutiiig  groups  in  Ihlsi^s  in  gi-in'r;il  iiiakL-8  thcJn  very 
strongly  liasio.  Take  the  weak  bases,  —  phosphinc.  amine,  and  stib- 
ine  (PHs  AsHj,  8bH^.  These  oonipoundit  form  denratives  which 
seem  lo  lie  ti^traxubstitution  prwliiuW  of  1I,1'0II,  K,AsOH,  and 
K,SltOH,  in  wliiih  tbo  four  hydrogen  atoms  are  replaced  by  methyl 
groups.  Thi-;;e  coiii[Kitinds  are  tutramethylphosphonium  hydroxide, 
tctramethyliLi'soniuin  hydroxide,  and  tetramethyIstil>onium  hydrox- 
ide, havinff  Ui.)  rcsptictivB  formulas:  (OH,),1'OH,  (CHat.AMlH,  and 
(CH,),SK)H.  TlKse  arc  strongly  basic  suhstanceit,  as  will  be  swn 
from  the  following  conductivity  results  taken  fi-om  the  work  of 
Bredig:'  — 
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Cdtutitiition  &■  oonditionrng  Banoity.  —  The  effect  of  coDstitutifMi 
basicity  can  be  seen  by  oomiiariug  iauiuerio  substuDoes.     Take 
"propyliiiniiie  aiid  iaopropylamine:  — 
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Isopropylamiue  is  a  sliglitly  stronger  base  tlian   propylamine, 

it  tbe  difference  is  very  slight. 

There  ai-e,  however,  tiiauy  cases  known,  as  Breilig  points  out,  of 

Itric    and    inetatuerie    cutripuviuds    which    have    very   differvnt 

tfas  M  bases.     This  shows    tliat  cuDstitntion  oftvn    has  n 

xl  inflnenee  on  the  strungtli  of  Ixises,  as  we  have  seen  that  it 

,  on  the  strength  of  acids. 


Tlie  re.siills  contained  in  this  chapter,  like  Uioso  of  tlic  earlier 
hysieal  clieiniatry,  are   purely  empirical.     We  know  how  certain 

oentH  and   groups  affect  the  fitreti|,>th  of  the  auid  or  base  into 

eh  they  enter,  and  that  the  effect  niay  depend  ujioii  the  way  in 
^Ueh  tbnse  are  combined  with  otlier  substajiees  in  Llie  molecule- 
re  do  not  know,  nor  do  we  have  any  idea,  why  Uiis  is  the  case.   Why 

t  an  oxygvii  uti)in  increase  the  iuUility  of  certain  compounds,  and 
Siminish  the  acidity  of  otliers  ?  and  why  does  the  pre-senco  of  a  nitro 
fmp  affect  the  acidity  ([uite  differently  in  diffeixMit  positions  ?  arc 

tioiiH  to  which  we  have  absolutely  no  satisfactory  answer. 

The  physical  chemist  of  ttMlay,  like  the  physical  chemist  of  the 

jtkflier  part  of  the  niuet«enth  century,  nitist  be  cont«ut  for  the  time 

eing  with  empirical  results  in  certain  directions.     He,  however, 

•cogniiiea  that  this  is  but  a  necessary  stage  in  the  development  of 

m  Biihject,  and  in  nowi.te  regards  it  as  final. 

Wo  have  seen  how  ^r^at  masses  of  empirically  established  faots 
>ve  already  l)een  placed  upon  an  exact  physical  and  mathematical 

Js.  The  aim  of  the  physical  chemist  in  the  future  will  be  to 
'tend  and  supplement  these  gen eraliiat ions,  which  have  already 
iplisfaed  .so  much  for  tlie  science  of  chemistry. 
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